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Requirements  for  the  Degree  of  Doctor  of  Philosophy 

DERIVATIZATION  OF  RIBONUCLEASE  A:  AN  HPLC  AND  MASS  SPECTROMETRIC 
ANALYSIS  OF  MODIFICATION  BY  CHEMICAL  AND  MUTAGENIC  METHODS 

By 

Trisha  Joy  M6ndez 
December  1999 

Chairman:  Professor  David  E.  Richardson 
Major  Department:  Chemistry 

Chemical  modification  of  proteins  is  a demonstrated  method  for  incorporating 
new  ligands  into  an  enzyme  through  the  reaction  of  residue  side  chains  with  various 
chemical  reagents.  Reaction  of  an  enzyme  residue  with  a modifying  reagent  that 
incorporates  a ligand  of  interest  to  the  system  results  in  potential  novel  chemical  activity 
of  the  enzyme,  creating  a bioconjugate.  A bioanalytical  method  for  the  development  and 
characterization  of  a base  protein  system  to  be  used  as  a bioconjugate  is  presented. 

The  modification  of  ribonuclease  A with  the  heterobifunctional  cross-linker,  4- 
succinimdyloxycarbonyl-methyl-a-[2-pyridyldithio]-toluene  (SMPT),  is  described.  RNase 
A has  1 1 sites  of  potential  modification  by  the  SMPT  reagent.  Tracking  the  2- 
dimensional  separation  and  proteolytic  digestion  of  SMPT-modified  RNase  A with 
ESI/FTICR-MS  and  HPLC/ESI/QIT-MS  demonstrates  the  detailed  information  about  the 
number  of  SMPT  modifications  and  sites  of  modification  that  can  be  obtained  by 
application  of  these  techniques.  Analysis  of  native  and  modified  RNase  A tryptic  digests 
by  ESI/FTICR-MS  resulted  in  the  identification  of  the  sites  of  modification.  Semi- 
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quantitative  results  of  the  reactivity  of  certain  lysine  residues  toward  the  coupling  reagent 
SMPT  are  possible.  Two  sites  (lysines  1 and  37)  are  highly  reactive,  while  three  sites 
(lysines  41 , 61  and  104)  appear  to  be  unreactive  under  the  conditions  used.  Digestion 
of  the  modified  and  unmodified  RNase  A by  subtilisin  followed  by  examination  with 
HPLC/ESI/QIT-MS  resulted  in  the  quantification  of  the  propensity  of  subtilisin  to  cleave 
RNase  A and  SMPT-modified  RNase  A at  various  peptide  linkages,  which  has  not  been 
previously  demonstrated.  HPLC/ESI/QIT-MS  and  MS"  enabled  further  investigation  of 
modification  on  lysines  1 and  7,  including  modification  at  the  s-  and  a-amino  positions  on 
lysine  1 . Coupling  of  singly  modified  RNase  A to  a synthetic  cofactor  of  interest,  2,2’- 
dipyridylamine,  is  demonstrated  as  an  example  of  the  assembly  of  the  bioconjugate. 

The  complement  to  chemical  modification  of  RNase  A for  the  development  of  a 
system  for  bioconjugation  is  site-directed  mutagenesis.  Preliminary  work  on  the 
characterization  and  coupling  of  the  mutated  RNase  A (F8C)  using  MALDI/TOF-MS  is 
presented. 
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CHAPTER  1 
INTRODUCTION 

Chemical  Modification  of  Proteins 

The  chemical  modification  of  proteins  is  a useful  tool  for  the  elucidation  of 
information  most  basic  to  enzyme  chemistry,  that  is,  the  understanding  of  substrate 
binding  and  subsequent  bimolecular  catalysis.  The  rational  design  of  chemical  modifiers 
has  enabled  structural  information  about  proteins  and  enzymes  to  be  obtained  prior  to 
the  modem  techniques  of  X-ray  crystallography  and  nuclear  magnetic  resonance  (NMR) 
spectrometry.  By  introducing  new  chemical  groups  into  a protein  via  covalent 
interaction,  information  can  be  learned  about  the  chemical  nature  and  relative  reactivities 
of  the  amino  acids  that  are  present.  Residues  most  susceptible  to  chemical  modification 
are  lysine  and  arginine  at  their  nucleophilic  e-animo  groups,  tyrosine  at  its  hydroxy 
group,  cysteine  at  its  sulfhydryl  group  or  cross-linked  disulfide,  histidine  at  its  imidazole 
group,  tryptophan  at  its  indole  group,  glutamic  acid  and  aspartic  acid  at  their  carboxylic 
acids,  the  N-terminal  amino,  and  C-terminal  carboxyl  groups.  Due  to  the  differences  in 
the  chemical  nature  of  these  groups,  their  reactivities  vary  with  different  chemical 
modifiers,  changing  pH,  and  buffer  composition  (1-3).  Exploitation  of  these  chemical 
differences  through  chemical  modification  has  resulted  in  thousands  of  publications 
demonstrating  structural  and  functional  information  for  proteins.  An  overview  of 
research  examples  is  presented  here  illustrating  not  only  the  evolution  of  chemical 
modification  as  a standard  tool  for  the  investigation  of  proteins  but  also  creative 
expansions  to  the  basic  chemical  modifications  for  the  accomplishment  of  innovative 
research  goals. 
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One  of  the  first  comprehensive  chemical  modification  studies  was  demonstrated 
in  1948,  by  Fraenkel-Conrat  etal.  (4).  These  researchers  investigated  the  protease 
trypsin,  its  inhibitor,  ovomucoid  and  the  mode  of  interaction  between  the  two  through 
chemical  modification.  A series  of  chemical  derivatizations  were  performed  on  trypsin 
and  ovomucoid  including  acetylation,  esterification,  epoxidation,  reduction,  coupling  with 
diazobenzenesulfonic  acid,  iodination,  and  so  on.  Such  modifications  resulted  in  the 
determination  that  trypsin  interacts  with  a substrate  through  groups  other  than  its  amino 
groups  but  combines  through  its  amino  groups  with  the  acid  groups  of  the  inhibitor, 
ovomucoid.  A stabilization  role  was  assigned  to  the  other  important  residues  in  trypsin. 

Fraenkel-Conrat  etal.  (5)  used  chemical  modification  again  in  1950  to  probe  the 
iron-binding  capability  of  conalbumin,  an  enzyme  found  in  egg  whites.  It  was  reported 
that  all  chemical  modifications  performed  in  this  research,  including  acetylation, 
iodination  or  coupling  of  phenolic  acid  and  imidazole  groups,  substitution  of  amide  of 
guanidyl  groups  and  disulfide  reduction,  resulted  in  inactivation  of  iron-binding  capability, 
demonstrating  the  complexity  of  the  interactions  required  for  metal-binding.  Analytical 
techniques  available  at  that  time  did  not  allow  further  information  to  be  extracted  from 
the  chemical  modification  results,  despite  the  understanding  of  the  chemistry  involved  in 
the  modifications. 

In  1962,  a general  method  for  covalent  modification  of  active  site  residues  was 
presented  by  Wofsy  et  a/.(6).  Even  though  the  specific  example  used  to  demonstrate 
the  theory  was  an  antibody,  its  direct  application  to  enzymes  was  clear.  The  method, 
termed  affinity  labeling,  made  use  of  a modification  reagent  that  is  designed  to  have  an 
affinity  for  a specific  site  on  the  protein.  Once  bound  by  non-covalent  interactions,  the 
reagent  and  protein  undergo  a chemical  reaction  to  covalently  bind  the  reagent  or  part  of 
the  reagent  to  the  protein  in  the  selected  site.  However,  it  was  noted  that  “...conclusive 
proof  that  labeling  of  the  active  site  had  occurred  could  only  be  achieved  through  the 


3 


accumulated  weight  of  a great  many  different  types  of  experiments.”  This  statement 
demonstrated  the  need  for  improved  biological  and  analytical  methods  to  realize  the 
potential  of  chemical  modification  reagents  to  shed  light  on  these  complex  biological 
systems. 

The  development  of  Edman  sequencing  became  a revolutionary  method  for  the 
determination  of  primary  sequences  of  proteins  and  protein  fragments  and  also  lent  itself 
to  the  determination  of  the  residues  that  had  been  chemically  modified  in  the  protein  of 
interest  (7-10).  With  this  technique  well  established,  the  usefulness  of  chemical 
modification  as  a method  for  probing  proteins  increased.  Such  usefulness  was 
documented  in  1972  in  Methods  in  Enzymology,  a detailed  review  of  chemical 
modification  reagents  to  date,  where  an  evaluation  of  the  modification  reagents,  the 
biochemical  reactions  in  which  they  are  involved,  and  the  information  which  could  be 
obtained  from  these  reactions  was  presented  (11,12).  The  aforementioned  advances 
facilitated  the  identification  of  residues  involved  in  binding  and  catalysis  and  saw  the 
beginning  of  chemical  modification  of  proteins  as  a key  tool  in  the  expansion  of 
knowledge  and  the  advancement  of  research  possibilities  in  protein  and  enzyme 
chemistry. 

The  affinity  labeling  theory  presented  by  Wofsy  in  1962  (6)  was  supported  by  the 
expansion  of  chemical  modification  possibilities.  An  example  of  research  with  affinity 
labeling  was  demonstrated  by  Means  and  Feeney  in  1971  (13)  where  bovine  pancreatic 
ribonuclease  (RNase)  was  complexed  to  the  reagent  pyridoxyl  phosphate  (PLP).  The 
PLP  interacts  with  the  phosphate-binding  site  upon  reduction  with  sodium  borohydride 
(Figure  1-1).  The  loss  of  activity  upon  binding  of  PLP  revealed  structural  and  activity 
information  about  substrate  binding  to  RNase. 
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Figure  1-1 . Affinity  labeling  of  RNase  at  lysine  residues  by  pyridoxal  5’  phosphate 
(PLP).  The  PLP  phosphate  group  interacts  with  the  binding  domain  in  RNase  while  the 
RNase  lysine  residues  form  Schiff  base  interactions  with  the  PLP  aldehyde  functionality. 
Reduction  of  the  Schiff  base  linkage  by  sodium  borohydride  (NaBH4)  results  in  covalent 
attachment  of  PLP  to  RNase  lysine  residues. 


Once  affinity  labels  had  become  a standard  for  protein  structure-function  studies, 
increasing  functionality  was  added  to  the  affinity  label.  Control  over  the  chemical 
reactivity  of  the  affinity  label  was  demonstrated  by  Jelenc  et  al.  (14)  with  the 
development  of  photo-reagents,  4-nitrophenyl  ethers,  as  affinity  labels  and  protein  cross- 
linkers.  The  4-nitrophenyl  ethers  react  with  amino  groups  at  physiological  pH  only  upon 
irradiation  with  366  nm  light  (Figure  1-2).  The  result  was  a substituted  nitrophenyl  amine 
in  high  yield  compared  to  its  acetyl  and  alkyl  amine  counterparts,  which  reacted  with 
decreased  specificity  with  the  protein  and  sometimes  with  reaction  buffers.  Higher 
specificity  due  to  the  photosensitive  nature  of  the  4-nitrophenyl  esters  gave  high  yield  of 
modified  product,  and  increased  the  possibility  of  attaching  functionality  to  the  protein  to 
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Figure  1-2.  Reactions  of  4-nitrophenyl  ether  for  as  a cross-linker  or  affinity  label. 
Substitution:  Irradiation  of  4-nitrophenyl  ethers  in  the  presence  of  primary  amines 
results  in  substitution  of  the  ether  linkage  with  an  amine. 

Cross-linking:  Nitrophenyl  ether  is  attached  to  a ligand  or  macromolecule,  L,  and  in  the 
presence  of  a biological  molecule  possessing  a primary  amine,  B,  a cross-link  is  formed 
when  the  system  is  irradiated  with  366  nm  light. 

Label  Transfer:  Substitution  occurs  in  biological  systems,  as  in  the  first  reaction, 
resulting  in  the  transfer  of  the  nitrophenyl  ether  to  the  biological  molecule,  B,  from  the 
nitrophenyl  ligand,  L.  Reaction  schemes  reproduced  from  Jelenc  et  al.  (14). 


The  applicability  of  using  a chemical  modifier  as  an  affinity  label  expanded  to 
include  determination  of  binding  interactions  and  catalytic  mechanisms.  An  example  of 
such  a study  was  presented  by  Klein  et  al.  (15)  with  the  investigation  of  the  binding  of 
the  natural  adenosine  triphosphatase  (ATPase)  inhibitor  (IF^  with  beef  mitochondrial 
ATPase.  The  inhibitor  was  chemically  modified  with  phenyl  (14C)  isothiocyanate  labels 
(14C  PITC)  (Figure  1-3).  Study  of  the  interactions  between  the  ATPase  and  the  labeled 
inhibitor  resulted  in  data  regarding  binding  affinity,  stoichiometry,  and  localization  of 
binding  sites  in  ATPase.  Such  information  was  used  to  further  the  understanding  of  the 
regulatory  functions  of  IFi  in  oxidative  phosphorylation.  Also  used  in  this  study  was  a 
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chemical  modifier  as  a cross-linker  that  covalently  bound  the  ATPase  and  IFi  for 
analysis  by  gel  electrophoresis. 


Figure  1-3.  Beef  mitochondrial  ATPase  inhibitor,  IFi,  was  labeled  with  phenyl  (14C) 
isothiocyanate  (14  PITC)  as  in  Scheme  1 . The  labeled  IFi  was  then  complexed  to 
ATPase,  as  in  Scheme  2,  to  study  binding  affinity,  stoichiometry  and  to  aid  in  localization 
of  binding  sites  in  ATPase. 

PITC  and  its  polar  analog  p-sulfophenylisothiocyanate  (p-sulfoPITC)  were  later 
used  as  chemical  modification  reagents  by  Genchi  et  al.  (16)  to  probe  the  molecular 
mechanism  of  the  phosphate  transport  protein  of  bovine  heart  mitochondria.  Labeling 
the  lysine  residues  with  the  affinity  reagents  showed  that  previously  investigated  amino 
groups,  important  for  transport  activity,  were  topologically  related  to  the  sulfhydryl  groups 
already  known  to  be  essential  for  phosphate  transport  (17).  It  was  demonstrated  that 
the  modification  of  lysine  residues  altered  the  protein’s  chemical  characteristics  whether 
modification  occurred  on  surface  lysine  residues  or  those  buried  in  the  hydrophobic 
region  of  the  phosphate  transporter. 

As  the  structural  information  that  could  be  obtained  from  chemical  modification  of 
proteins  increased,  the  protein  systems  upon  which  researchers  focused  turned  to  more 
challenging  subjects  such  as  membrane  proteins.  Because  the  membrane  protein  is 


Inhibitor  14C(PITC) 


Labeled  IFi 


7 


deeply  imbedded  in  the  cellular  lipid  bilayer,  manipulation  of  the  protein  could  not  be 
accomplished  with  the  same  methods  as  those  used  for  soluble  proteins. 

Staros  (18)  presented  a series  of  chemical  modifiers  used  as  cross-linking 
reagents  that  were  developed  specifically  for  transmembrane  proteins.  Membrane- 
impermeant  cross-linking  enabled  protein  subunits  to  be  cross-linked  prior  to  disruption 
of  the  lipid  bilayer  (Figure  1-4).  Analysis  of  the  linked  subunits  probed  questions  such  as 
the  identity  of  the  fundamental  oligomeric  unit  and  whether  the  intersubunit  interactions 
exist  only  between  the  cytoplasmic  domains  or  also  between  transmembrane  domains. 
The  cross-linking,  bifunctional  reagents  presented  by  Staros  enable  the  investigation  of 
tertiary  and  quaternary  structures  and  interactions  among  membrane  proteins  and 
extracellular  structures.  Such  investigations  would  not  be  possible  without  the  rational 
design  of  chemical  modifiers,  whether  monofunctional  for  labeling  or  bifunctional  for 
labeling/cross-linking  experiments. 


Figure  1-4.  An  example  of  a membrane-impermeant  cross-linker,  bis(sulfo-/V- 
succinimidyl)  suberate.  The  reagent  was  used  to  cross-link  membrane  spanning 
proteins.  An  example  of  this  cross-linking  is  shown  for  a transmembrane  protein. 
Cross-linking  of  the  protein  subunits  with  the  membrane-impermeant  reagent  occurred 
“outside”  in  the  extracellular  environment.  Subsequent  lysing  of  the  transmembrane 
domain  followed  by  oxidation  resulted  in  the  formation  of  intersubunit  disulfide  bonds  on 
the  “inside”  cytoplasmic  domain.  Cross-linkage  between  both  extracellular  and 
cytoplasmic  domains  indicated  the  transmembrane  domains  were  juxtaposed,  as  in  B. 
Linkage  solely  between  cytoplasmic  domains  would  have  indicated  the  transmembrane 
domains  were  not  associated  in  the  extracellular  environment,  as  in  A.  Pictures 
reproduced  from  Staros  (18). 
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A further  use  of  chemical  modification  has  been  the  elucidation  of  immunological 
information.  Ebina  et  al.  (19)  used  a series  of  chemical  modifications  as  protecting 
groups  to  localize  a further  cross-linking  modification  that  coupled  the  protein  bovine 
pancreatic  trypsin  inhibitor  (BPTI)  to  an  immunogenic  peptide  (Figure  1-5). 

Once  coupled,  the  BPTI  and  immunogenic  peptide  could  be  studied  by  NMR  to 
investigate  the  relationship  between  the  BPTI/immunogenic  peptide  conformation  and 
the  peptide’s  ability  to  induce  an  immune  response.  Such  examples  of  the  use  of 
chemical  modification  illustrate  its  position  as  a standard  tool  in  the  changing  field  of 
biochemistry. 

The  ability  to  study  the  kinetic  activity  of  an  enzyme  system  has  also  become  a 
product  of  creative  affinity  labeling.  Typical  information  obtained  through  kinetic  studies 
of  an  enzyme  with  an  affinity  label  was  shown  in  the  investigation  by  Chang  et  al.  (20)  in 
the  modification  of  human  placental  alkaline  phosphatase  with  the  affinity  label 
periodate-oxidized  1,  N6-ethenoadenosine  monophosphate  (sAMP-dial)  and  its  more 
stable  derivative,  4’,5’-anhydro-1,  A/6  ethenoadenosine  dialdehyde  acetal  (AsAdo-dial) 
(Figure  1-6).  Interest  in  this  system  was  high  due  to  the  protein’s  role  as  a plasma 
membrane  phosphate  transporter  and  the  affinity  label’s  reported  role  in  anti-tumor 
activities  (21-23).  Kinetic  data  obtained  from  monitoring  the  fluorescence  of  the  labels 
was  used  to  gain  structural  information  regarding  the  uncharacterized  active  center.  A 
hydrophobic  binding  pocket  was  postulated  as  well  as  a binding  site  lysine. 

An  important  part  of  chemical  modification  studies  has  become  the  knowledge  of 
the  residue  that  has  been  modified.  Early  experiments  looked  for  placement  in  the  three 
dimensional  structure  of  an  enzyme,  but  the  automation  of  Edman  sequencing  now 
allows  for  rapid  sequencing  of  large,  proteolytically  digested  proteins  and  the 
identification  of  the  modification  site.  Peptide  mapping  of  proteins  (24)  has  been 


Figure  1-5.  Schematic  representation  of  the  coupling  of  bovine  pancreatic  trypsin 
inhibitor  (BPTI)  to  an  immunogenic  peptide.  A)  Three  methods  for  the  preparation  of 
BPTI  with  a modifiable  lysine  residue  localized  to  one  site.  The  first  method  involves  the 
reaction  of  BPTI  with  O-methyl  isourea  (OMIU)  that  blocks  all  lysine  residues  except  the 
amino-terminal  amino  group.  The  other  method  involves  the  interaction  of  BPTI  with  a 
protease  that  interacts  with  a specific  lysine  residue,  lys-15.  While  complexed  to  the 
protease,  the  BPTI  is  chemically  modified  at  all  other  amino  groups  by  either  acetylation 
of  guanidation.  Dissociation  of  the  modified  BPTI  from  the  protease  results  in  a single 
free  lysine  residue.  B)  The  modified  BPTI  is  then  coupled  to  a heterobifunctional 
reagent  followed  by  linkage  to  the  immunogenic  peptide.  Reaction  schematics 
reproduced  from  Ebina  etal.  (19). 
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A.  Formation  of  Modified  BPTI’s 


B.  Coupling  of  Modified  BPTI’s 


Modified  BPT1  Reagent 


Cysteinyl 

Peptide 
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sAMP-dial  AsAdo-dial 

Figure  1-6.  Affinity  reagents  used  for  the  modification  of  human  placental  alkaline 
phosphatase.  A)  Periodate  oxidized  1 , A^-ethenoadenosine  monophosphate  (eAMP- 
dial).  B)  (3-elimination  product  of  sAMP-dial,  4’,5,-anhydro-1,  A^-ethenoadenosine 
dialdehyde  acetal  (AeAdo-dial).  Structures  reproduced  from  Chang  et  al.  (20). 


successfully  applied  in  determination  of  the  site  of  modification.  An  example  of  peptide 
mapping  of  a chemically  modified  enzyme  was  demonstrated  by  LaDine  et  al.  (25)  in 
their  1991  investigation  of  yeast-3-phosphoglycerate  kinase.  An  in-depth  kinetic  study  of 
this  enzyme  with  a specific  inhibitor,  [3H]pyridoxyl  5’-diphospho-5’-adenosine  (PLP-AMP) 
(Figure  1-7)  was  performed,  followed  by  peptide  mapping  of  the  protein  once  the 
inhibitor  had  been  covalently  attached  by  reduction  with  sodium  borohydride. 


^H]  PLP-AMP 


Figure  1-7.  Structure  of  [3H]  pyridoxal  5’-diphospho-5’-adenosine  (PLP-AMP).  PLP- 
AMP  is  a specific  inhibitor  for  yeast-3-phosphoglycerate  kinase.  Once  PLP-AMP  binds 
to  yeast-3-phosphoglycerate  kinase,  reduction  with  NaBH*  results  in  covalent 
attachment  of  the  label  to  the  protein. 
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High  performance  liquid  chromatography  (HPLC)  was  used  to  separate  the  peptides 
resulting  from  proteolytic  digestion  by  endopoteinase  Lys-C.  From  these  experiments, 
not  only  was  information  learned  about  the  kinetic  interactions  of  the  inhibitor  PLP-AMP 
with  the  kinase,  but  information  was  also  gained  regarding  the  conformational  changes 
of  the  enzyme  in  solution  during  catalysis.  It  was  demonstrated  that  Lys-131  undergoes 
substantial  movement  during  a ligand-induced  conformational  change  that  had  been 
shown  to  occur  during  formation  of  the  ternary  complex,  thereby  positioning  the 
positively  charged  residue  near  a negatively  charged  substrate.  Such  a study 
illuminated  the  tight  binding  of  nucleotides  by  bi-iobial  kinases. 

Covalent  modification  of  proteins  with  specific  derivatizing  agents  has  become  a 
standard  procedure  for  probing  topology  of  enzyme  binding  sites,  gross  and  local 
conformational  changes,  subunit  interactions,  characteristics  of  substrate  binding  and 
the  reactivity  of  amino  acid  side  chains.  Such  investigations  would  not  be  possible 
without  the  proper  analytical  tools  for  analysis  including  ultraviolet-visible  (UV-vis) 
spectroscopy,  fluorescence  spectroscopy,  NMR,  rapid  Edman  sequencing  and  HPLC. 
However,  the  analytical  technique  that  has  increasingly  lent  itself  to  characterization  of 
chemical  modifications  on  proteins  is  mass  spectrometry. 

Electrosprav  Mass  Spectrometry 

The  growth  in  use  of  mass  spectrometry  (MS)  as  an  analytical  tool  has  enabled 
biochemists  to  examine  proteins  in  a fashion  unlike  earlier  techniques.  Mass 
spectrometry  is  a technique  that  allows  the  mass-to-charge  ratio  (m/z)  of  an  ion  to  be 
determined  in  the  gas  phase.  Introduction  of  the  molecule  of  interest  (analyte)  into  the 
mass  spectrometer  is  accomplished  through  an  ionization  source.  Ionization  of  the 
analyte  as  well  as  transformation  of  the  ion  to  the  gas  phase  has  been  the  focus  of  the 
development  of  various  instruments  and  techniques  for  introduction  into  the  mass 
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spectrometer  (26-28).  More  recent  ionization  methods  such  as  matrix-assisted  laser 
desorption  ionization  (MALDI)  and  electrospray  ionization  (ESI)  have  overcome 
problems  that  originally  kept  mass  spectrometry  from  being  used  with  biomolecules. 

Original  ionization  methods  did  not  allow  biological  molecules  to  be  vaporized 
without  extensive  decomposition.  These  “hard”  ionization  methods  used  gas-phase 
encounters  of  the  molecule  with  either  electrons  as  in  electron  impact  or  electron 
ionization,  with  photons  as  in  photoionization,  or  with  other  ions  (reagent  gas)  as  in 
chemical  ionization  (27,28).  While  these  ionization  techniques  were  appropriate  for 
small  volatile  molecules,  they  were  not  useful  for  larger,  sensitive,  and  less  volatile 
biomolecules  that  began  to  thermally  decompose  prior  to  ionization.  The  development 
of  “soft”  ionization  methods  has  enabled  mass  spectrometry  to  be  useful  in  biomolecular 
analysis.  “Soft”  ionization  is  based  on  the  rapid  dispensal  of  energy  on  a surface  over 
which  the  species  to  be  analyzed  has  been  dispersed.  Beuhler  et  at.  (29)  proposed  that 
rapid  energy  input  may  result  in  vaporization  prior  to  decomposition  of  the  molecule. 
Since  this  proposal  in  1974,  many  “soft”  ionization  methods  have  been  developed  (30) 
including  plasma  desorption  (PD)  (31),  fast  atom  bombardment  (FAB)(32,33),  laser 
desorption  (LD)(27),  field  desorption  (FD)  (34),  electrohydrodynamic  (EH)  ionization 
(35,36),  and  spray  ionization  (27,37).  Of  these  various  techniques,  the  spray  ionization 
technique  of  electrospray  and  the  LD  technique  of  MALDI  have  become  widely  used 
ionization  methods  due  to  their  ability  to  produce  multiple  intact  ions  of  large 
biomolecules  for  the  determination  of  their  relative  molecular  masses.  Species  >100 
kDa  have  been  observed. 

Extensive  work  has  been  done  in  probing  the  mechanisms  of  action  and  possible 
results  of  these  two  techniques.  MALDI  has  generally  been  explained  by  photoionization 
followed  by  ion-molecule  reactions  that  result  in  the  production  of  ions  in  the  plume  of 
ejected  material  (38).  Analysis  of  the  ions  is  frequently  accomplished  by  a time-of-flight 


14 


(TOF)  mass  analyzer.  The  resulting  spectra  generally  contain  peaks  from  singly 
protonated  intact  molecules  with  decreasing  amounts  of  doubly  and  triply  protonated 
intact  molecules.  Such  an  accepted  and  widely  used  technique  has  been  the  subject  of 
many  investigations  and  reviews  (26,38-41).  In  comparison  to  MALDI,  ESI  produces 
multiply  charged  molecules  from  solution  arising  from  the  attachment  of  protons  or 
positively  charged  salts  in  positive  ion  formation,  or  from  the  removal  of  protons  in 
negative  ion  formation.  ESI  spectra  contain  complex  charged-state  distributions  that  are 
the  result  of  the  differing  mechanism  of  ionization  from  that  of  MALDI  (37,38).  Original 
descriptions  of  electrospray  were  provided  by  Dole  et  al.  (42,43)  who  originally 
conceived  of  the  idea  of  electrospray.  The  development  of  this  technique  as  an  interface 
for  the  combination  of  liquid  chromatography  and  mass  spectrometry  includes  extensive 
work  over  the  course  of  20  years,  and  is  reviewed  by  Loo  (39). 

The  mechanism  of  electrospray  ionization  can  be  divided  into  two  main  steps 
described  by  Bruins  (44):  1)  nebulization  of  a sample  solution  into  electrically  charged 
droplets,  2)  liberation  of  ions  from  droplets.  Transportation  of  the  ions  from  the 
atmospheric  pressure  source  region  into  the  vacuum  and  mass  analyzer  for  detection 
then  follows.  Bruins  described  nebulization  as  a combination  of  the  formation  of  a fine 
mist  of  droplets  from  a needle  tip  and  charging  of  those  droplets.  This  nebulization 
occurs  when  a liquid  sample  is  fed  through  a needle  and  a high  electric  field  is  applied  at 
the  needle  tip.  The  electric  field  pulls  the  positive  charge  in  the  sample  toward  a liquid 
front.  Electrostatic  repulsion  and  the  surface  tension  at  the  tip  then  results  in  small 
electrically  charged  droplets  leaving  the  surface  and  entering  the  surrounding  ambient 
gas.  High  voltage  that  is  applied  to  the  tip  results  in  the  release  of  charged  droplets  as  a 
spray  into  the  voltage  drop  in  the  surrounding  ambient  gas.  A drop  in  pressure  inside  a 
counter  electrode  results  in  the  charged  droplets  being  drawn  into  the  counter  electrode 
where  droplet  disintegration  later  occurs. 
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Flow  rate,  surface  tension,  and  analyte  concentration  affect  nebulization. 
Increases  in  any  of  these  can  reduce  the  formation  of  small  charged  droplets  and  result 
in  larger  droplets  with  reduced  charge.  Some  modifications  to  the  basic  electrospray 
system  to  increase  tolerance  toward  these  adverse  effects  include  dilution  of  the 
aqueous  solution  with  an  organic  solvent  such  as  methanol  to  reduce  the  surface 
tension  and  addition  of  a high-velocity  gas  flow  to  aid  in  aerosol  formation  with  increased 
flow  rate. 

Optimization  of  such  an  electrospray  system  results  in  the  formation  of  highly 
charged  small  droplets  that  are  then  desolvated  during  their  flight  through  gas  at 
atmospheric  pressure.  Heat  and  decreasing  pressure,  as  well  as  shear  forces,  strip  the 
solvent  from  the  droplets  reducing  their  size  while  the  molecular  temperature  remains 
low  (approximately  50°C)  due  to  evaporation  (45).  The  decreasing  size  of  the  droplet 
results  in  increasing  charge  density  at  the  surface,  deforming  the  droplet,  and  leading  to 
“Coloumbic  explosion,"  where  the  “parent”  droplet  explodes  into  “daughter”  droplets  or 
microdroplets,  which  are  ejected  from  local  deformation  on  the  “parent”  droplet, 
releasing  the  “daughter”  droplets  in  a type  of  stream  (46,47).  Once  a droplet  has  a 
radius  of  approximately  10  nm  the  charge  density  is  reduced  by  ejection  of  ions  from  the 
surface  leading  to  naked  sample  ions  in  the  gas  phase  that  are  then  analyzed.  A more 
detailed  explanation  of  the  mechanism  of  electrospray  has  been  presented  by  various 
authors  (47-53). 

According  to  the  mathematical  derivation  presented  by  Kebarle  etal.  (46,54),  the 
abundance  of  a sample  ion  is  proportional  to  the  charge  on  the  droplets  and  the 
sensitivity  coefficient,  which  is  dependent  on  ion  structure.  The  ESI  system  allows  for 
multiple  charging  of  the  molecule  and  is  thus  directly  applicable  to  large  biomolecules 
because  of  their  inherent  sensitivity  and  high  molecular  mass.  Increased  charging  of  the 
large  molecule  decreases  the  mass-to-charge  ratio  (m/z)  allowing  detection  by 
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instalments  with  a limited  m/z  range  (55).  It  was  initially  thought  that  sample  ion  signal 
should  be  proportional  to  sample  concentration,  but  independent  from  flow-rate.  Bruins 
questioned  whether  ESI  is  truly  concentration  sensitive  or  whether  apparent 
concentration  sensitivity  is  the  result  of  opposing  physical  and  chemical  effects. 
Experimental  results  from  other  researchers  (49,56)  and  those  described  below  indicate 
that  ESI  is  not  truly  concentration  sensitive  and  that  comparative  concentration  studies 
can  only  be  performed  on  ions  of  similar  chemical  nature  with  the  same  charged  state. 

The  applicability  of  ESI  to  biomolecular  analysis  is  apparent  in  the  growth  in 
number  of  researchers  using  ESI  as  a primary  analytical  tool.  There  are  vast  examples 
of  researchers  who  have  used  ESI-MS  to  determine  the  molecular  masses  of 
endogenous  structural  biopolymers  such  as  peptides,  proteins,  glycoproteins,  and 
glycolipids,  as  well  as  lower  mass  molecules  such  as  fatty  acids,  vitamins,  steroids,  and 
nucleic  acids  (57).  An  extensive  review  of  ESI-MS  used  to  study  noncovalent 
interactions  in  biomacromolecular  complexes  was  presented  Przybylski  et  al.  (45). 

The  addition  of  liquid  chromatography  to  ESI  has  also  increased  the  number  of 
samples  examined  by  MS  by  facilitating  sample  preparation  and  introduction  into  the  ESI 
source.  A review  of  the  coupling  of  liquid  chomatography  (LC)  to  ESI  and  its 
applications  was  presented  by  Mehlis  et  al.  (58)  and  Dass  et  al.  (59). 

The  characterization  of  proteins  at  the  primary  structural  level  has  become  a 
major  use  of  ESI  through  peptide  mapping  strategies.  Reduction  of  high  molecular 
weight  protein  to  smaller  molecular  weight  peptide  segments  is  accomplished  through 
proteolytic  digestion.  Sequence  analysis  is  then  performed  by  tandem  MS  (MSn),  which 
is  mass  spectrometric  selection  of  a parent  ion  followed  by  fragmentation  of  the  parent 
ion  into  its  daughter  ions  and  their  neutral  constituents. 
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A+  — ► B+  + C 

In  the  studies  presented  here,  ion  fragmentation  was  achieved  through 
collisionally  activated  dissociation  (CAD),  also  known  as  collision  induced  dissociation 
(CID).  A thorough  discussion  of  CID  was  presented  by  Hunt  et  al.,  along  with  its 
applicability  to  peptide  sequence  analysis  (60);  however,  a brief  discussion  follows.  Ions 
that  are  to  be  fragmented  by  CID  are  mass  selected,  and  all  other  ions  are  ejected  from 
the  trapping  cell.  The  trapping  cell  contains  a neutral  gas  such  as  helium  or  argon  with 
which  the  ions  of  interest  collide  at  a low  collision  energy  (15-40  eV).  The  kinetic  energy 
of  the  collisions  is  converted  to  vibrational  energy  in  the  ions  with  the  parent  ion’s 
internal  energy  becoming  so  high  that  it  fragments  randomly  at  amide  bonds  along  the 
peptide  backbone.  Loss  of  water,  ammonia,  and  phosphoric  acid  also  occurs.  The 
resulting  daughter  ions  are  analyzed  while  neutral  molecules  are  pumped  away. 

Analysis  of  the  fragmentation  data  enables  the  peptide  sequence  to  be  elucidated. 

Tandem  MS  is  a term  used  to  describe  the  mass  spectrometric  selection  of  an 
ion  followed  by  mass  spectrometric  fragmentation,  usually  by  CID.  Once  a 
fragmentation  pattern  has  been  obtained  from  CID,  a fragment  ion  can  be  selected  and 
fragmented  further.  General  mass  selection  and  fragmentation  has  been  termed  MS", 
indicating  the  possibility  of  multiple  ion  isolations  and  fragmentations.  Current  MS 
peptide  sequencing  has  been  adapted  to  integrate  database  searching  and  to  facilitate 
identification  of  unknown  proteins  from  CID  fragmentation  data  (61-63).  This  technique 
is  known  as  peptide  mass  fingerprinting  (64).  Further  reviews  of  peptide  sequencing 
and  mapping  techniques  include  those  by  Hunt  et  al.,  (41),  Gelpi  (57),  Suizdak  (26), 
Covey  (65),  Loo  (39),  and  Dass  (59). 
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ESI-MS  Applications  to  Protein  Characterization 

Recent  examples  of  peptide  sequencing  include  the  structural  determination  of 
post-translational  modifications  to  proteins.  Covalent  modifications  to  proteins  are  an 
integral  part  of  cell  regulation.  Discovery  of  the  location  and  identities  of  these 
modifications  provides  information  regarding  such  cell  regulation  and  protein  function. 
Post-translational  modifications  include  glycosylation,  phosphorylation,  sulfonation  and 
acetylation  (39). 

Proteolytic  digestion  of  a protein  with  such  a modification  followed  by  ESI-MS 
yields  data  that  indicates  the  nature  of  the  modification.  A classic  example  of  such  an 
experiment  was  reported  by  Hunt  etal.  (60),  where  class  III  S-tubulin  was  examined  for 
post-translational  modification  on  an  acidic  region  of  the  C-terminal  end  of  the  protein. 
The  protein  was  digested  with  cyanogen  bromide,  and  the  peptide  segments  with  the  C- 
terminal  end  were  isolated  by  complexation  to  a monoclonal  antibody,  TuJI.  Once 
separated  from  the  antibody,  the  peptide  sequences  were  subjected  to  ESI-MS  after 
purification  by  HPLC.  MS  data  yielded  two  multiply  charged  ion  series.  One  series  of 
peaks  of  charge  [M  + H]+  were  separated  by  143  Da,  indicating  modification  by  glutamic 
acid.  Another  series,  also  of  charge  [M  + H]\  were  separated  by  80  Da  and  143  Da 
indicating  modification  by  phosphate  and  glutamic  acid.  CAD  was  performed  on  the 
peptides  that  were  identified  to  have  post-translational  modification,  and  the  resulting 
data  showed  the  first  two  residues  at  the  amino  acid  terminus  of  the  chain  of  interest 
contained  the  phosphate  and  glutamic  acid  on  residues  Tyr437  and  Glu  438. 

In  1992,  two  papers  were  published  by  Hunt  etal.  demonstrating  the  power  of 
HPLC/ESI-MS/MS  to  solve  complex  cellular  problems  (66,67).  These  coupled 
techniques  were  used  to  identify  and  sequence  peptide  antigens  bound  to  a major 
histocompatibility  complex  (MHC)  molecules  of  class  I.  The  MHC  binds  the  peptide 
antigens  after  they  have  been  transported  into  the  endoplasmic  recticulum  from  inside 
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the  cytoplasm  of  cells  or  viruses.  HPLC/ESI-MS/MS  was  used  to  separate  and 
characterize  sets  of  these  numerous  antigen  peptides,  overcoming  the  drawbacks 
associated  with  the  previously  used  techniques  of  Edman  degradation  (peptides  too  long 
for  complete  sequencing)  and  HPLC  (poor  separation  for  sub-picomole  amounts  of 
peptide).  Examination  of  these  antigen  peptides  using  the  MS  method  demonstrated  its 
use  in  analysis  of  small  quantities  of  virally  infected  and  transformed  cells  as  well  as 
those  associated  with  autoimmune  diseases. 

Information  obtained  from  ESI-MS  has  grown  from  exact  mass  and  sequence 
determination  to  structural  conformation  and  mechanistic  investigations.  Tracey  etal. 
reported  on  the  structural  and  mechanistic  aspects  of  the  soluble  dimeric  B-galactoside- 
binding  lectin  of  bovine  heart  muscle  (68).  This  enzyme  binds  carbohydrates  when  in 
the  reduced  state  but  loses  this  activity  upon  oxidation.  ESI-MS  was  used  to 
demonstrate  the  lack  of  post-translational  modification  as  well  as  to  confirm  changes  in 
the  reduced  and  oxidized  forms  of  the  protein.  Changes  in  charge  distribution  in  ESI 
mass  spectra  for  the  reduced  and  oxidized  forms  indicate  a change  in  the  number  of 
accessible  protonation  sites  in  the  oxidized  protein,  and  thus  an  altered  structural 
conformation  upon  oxidation.  Proteolytic  digestion  and  MS  analysis  of  the  oxidized 
protein  were  reported  to  identify  sites  of  disulfide  cross-linking  upon  oxidation  (Figure  1- 
8).  Few  experimental  procedures  were  presented.  Because  most  tryptic  digest 
procedures  require  the  reduction  of  disulfide  bonds,  the  ability  to  determine  the  sites  of 
oxidation  is  challenging  and  is  not  explained  in  this  article.  However,  it  is  clear  that  ESI- 
MS  can  be  a useful  tool  in  examining  structural  changes  in  proteins  based  on  change  in 
their  overall  charge  state. 

Examination  of  proteins  during  most  of  the  last  decade  focused  on  subjects  that 
are  soluble  due  to  their  ease  of  analysis.  In  1998  Ball  et  al.  presented  a method  of  using 
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Figure  1-8.  Schematic  representation  of  the  primary  sequence  of  oxidized  galactoside- 
binding  lectin  of  bovine  heart  muscle.  The  predominant  disulfide  bonds  identified  from 
tryptic  digestion  followed  liquid  secondary  ion  mass  spectrometry  (LSIMS)  are  shown  as 
solid  lines  between  oxidized  cysteine  residues.  A minor  alternative  disulfide  bond  is 
shown  as  a broken  line.  Figure  was  reproduced  from  Tracey  et  at.  (68). 

HPLC  and  ESI-MS  to  probe  integral  membrane-bound  insoluble  proteins  (69)  by  probing 
bacteriorhodopsin  (bR),  its  cysteine-containing  mutants,  and  the  G-protein  coupled 
receptor,  rhodopsin  (Rh).  The  difficulty  associated  with  analysis  of  integral  membrane- 
bound  proteins  is  that  they  and  their  cleavage  fragments  are  amphiphilic  molecules, 
which  tend  to  aggregate,  often  irreversibly,  and  bind  irreversibly  to  HPLC  column 
packings.  This  method  included  the  use  of  the  organic  soluble  reagents 
tributylphosphine  and  vinylpyridine  to  reduce  and  alkylate  the  proteins  prior  to  their 
removal  from  the  membrane.  Cleavage  by  cyanogen  bromide  was  followed  with 
subsequent  analysis  by  HPLC/ESI-MS  and  MSn.  Using  this  method  first  on  the 
previously  mapped  protein  bR,  then  on  its  cysteine  mutants,  it  was  then  applied  to  the 
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more  complex  system  of  Rh.  Rh  had  previously  been  partially  mapped  by  MS,  and 
sections  of  the  sequence  were  unknown.  Sequence  elucidation  had  been  considered 
the  major  obstacle  to  further  study  of  Rh  and  its  interactions  with  other  signal 
transduction  proteins  with  chemical  modification  and  cross-linking  experiments,  and  in 
this  study  Ball  et  al.  reported  the  complete  sequencing  of  Rh. 

As  the  complexities  of  biochemical  problems  have  grown  so  have  the 
applications  for  which  ESI-MS  can  be  used.  In  1999  Raida  et  al.  (70)  reported  the 
mapping  of  peptides  from  human  plasma  filtrate  using  HPLC/ESI-MS.  Characterization 
of  complicated  mixtures  of  proteins  and  peptides  has  frequently  been  accomplished  with 
the  well-established  method  of  two-dimensional  polyacrylamide  gel  electrophoresis  (20- 
PAGE)  (71-73).  HPLC/ESI-MS  can  be  used  instead  of  the  2D-PAGE  method  due  to  its 
accurate  and  sensitive  detection  of  small  peptides.  Human  blood  ultrafiltrate  (HF)  is  a 
complex  mixture  of  peptides  in  a wide  range  of  concentrations  and  molecular  weights. 
This  broad  range  of  peptides  was  mapped  using  HPLC/ESI-MS  establishing  a map  of 
the  peptides  present  in  human  blood  ultrafiltrate.  The  use  of  HPLC/ESI-MS  extended 
the  range  of  analysis  to  lower  molecular  weights  than  the  traditional  2D-PAGE  for 
analysis  of  this  complex  mixture  of  peptides. 

ESI-MS  for  Analysis  of  Chemical  Modification  and  Bioconjugation  in  Proteins 

The  characterization  of  post-translational  modifications  in  proteins  has  become  a 
useful  function  of  ESI-MS  as  demonstrated  by  the  examples  above.  This  analytical 
technique  has  then  lent  itself  in  recent  years  to  the  characterization  of  chemically 
modified  proteins  where  the  basis  of  chemical  modification  was  described  previously. 
The  ability  to  examine  chemical  modifications  to  proteins  and  their  implications  on 
primary  structure,  residue  activity,  protein  folding,  interactions  with  other  subunits, 
catalytic  activity,  and  so  on,  is  forwarded  by  such  a rapid  and  highly  sensitive  method  as 
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ESI-MS.  Many  researchers  have  turned  to  HPLC,  ESI-MS,  and  MS"  as  the  primary 
analytical  tools  for  the  characterization  of  their  chemically  modified  proteins. 

One  example  of  the  use  of  this  technology  was  reported  by  Akashi  et  al.  (74). 
Their  study  of  the  guanosine  triphosphate  (GTP)  binding  protein,  Ras  and  its  protein 
substrate,  Raf-1  Ras  binding  domain  (Raf-IRBD),  was  carried  out  by  chemical 
modification  with  glycinamide  at  acidic  residues  (Figure  1-9).  Subsequent  studies  of 
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Figure  1-9.  Schematic  representation  of  the  modification  of  guanosine  triphosphate 
binding  protein,  Ras,  with  glycinamide  at  glu  or  asp  residues.  Both  active  (GTP-bound) 
and  inactive  (GDP-bound)  forms  of  the  Ras  protein  were  modified. 


interactions  between  the  glycinamide-modified  Ras  protein  and  the  substrate  Raf-1  RBD 
resulted  in  information  regarding  the  active  and  inactive  forms  of  the  Ras  protein  known 
to  be  related  to  a conformational  change  from  the  GDP-  to  the  GTP-bound  state. 
Chemical  modification  and  HPLC/MS  were  used  to  extend  the  information  already 
obtained  by  NMR  and  X-ray  crystallography.  The  molecular  weights  of  the  modified  Ras 
and  the  Raf-1  RBD  were  obtained  by  MS  indicating  limited  modification  to  the  proteins. 
To  determine  sites  of  modification,  tryptic  digests  were  performed  and  both  MALDI  and 
HPLC/ESI-MS  were  used  to  map  the  protein  (Figure  1-10).  The  conclusions  drawn 
indicated  significant  modification  on  one  region  of  a peptide  segment  that  was  implicated 
as  important  for  complex  formation  with  the  substrate  protein.  Certain  problems  with  the 
study,  however,  were  not  addressed,  including  comparison  of  the  modified  protein 
peptide  maps  to  a native  peptide  map,  and  there  was  no  discussion  on  the  relation  of 
peptide  concentration  to  MS  ion  peak  intensity.  Such  issues  have  become  apparent  in 
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research  discussed  below  and  indicate  the  care  that  must  be  taken  when  interpreting 
chemical  modification  data  from  peptide  mapping  using  MS. 


Glu37 

Figure  1-10.  The  tertiary  structure  of  Ras  protein  with  substrate  bound  obtained  by  X- 
ray  crystallography.  Balls  and  sticks  indicate  side  chains  of  acidic  amino  acids.  Those 
side  chains  indicated  with  a label  are  suggested  to  be  the  complex  interface  with  Raf-1 
RBD.  Figure  reproduced  from  Akashi  et  al.  (74). 

Another  example  of  chemical  modification  used  in  conjunction  with  ESI-MS  was 
reported  by  Zappacosta  et  al.  (75).  The  subject  of  their  study  was  the  Minibody,  a de 
novo-designed  61-residue  metal-binding  protein.  The  design  of  this  protein  contains  a 
B-sheet  scaffold  based  on  a heavy-chain  variable  domain  structure  of  a mouse 
immunoglobulin.  The  general  fold  of  the  protein  was  already  known,  but  detailed  three- 
dimensional  structure  had  been  problematic  because  of  the  protein’s  low  solubility. 
Proteolysis  was  used  to  examine  exposed  sites  and  flexible  loops  within  the  linking 
regions  of  the  peptide  chain  between  domains  (Figure  1-11).  Chemical  modification  of 
various  residues  with  different  modification  reagents  was  performed  followed  by 
characterization  of  their  effects  on  proteolysis  using  HPLC/ESI-MS.  Lysine  residues 
were  modified  with  acetic  anhydride,  tyrosine  residues  with  N-acetyl-imidazole,  which 
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targets  the  phenolic  hydroxyl  group,  with  tetranitromethane,  which  targets  the  aromatic 
ring,  and  arginine  with  1,2-cyclohexanedione.  Tryptic  digests  of  the  modified  proteins 
and  subsequent  mapping  by  HPLC/ESI-MS  provided  selectivity  information  for  lysine 
residues.  Of  the  five  lysines  to  be  modified,  two  were  found  to  be  highly  reactive,  two 
were  minimally  reactive  and  only  when  the  first  two  were  modified,  and  one  was  not 
reactive.  Such  a system  provided  information  on  lysine  accessibility  and  therefore 
folding  of  the  protein  scaffold.  Modification  of  tyrosine  and  arginine  residues  yielded  site 
of  modification  information  along  with  qualitative  selectivity  information,  while  no  mention 
was  made  of  peak  intensity  correlation  to  concentration.  This  study  is  not  only  a good 
example  of  the  current  use  of  HPLC/ESI-MS  as  a tool  for  peptide  mapping  but  also 
demonstrates  some  of  the  drawbacks  in  terms  of  the  quantitative  data  that  can  be 
obtained. 


Figure  1-11.  Secondary  structure  assignment  of  the  Minibody  (HI  and  H2  designate 
hypervariable  loops).  Chemical  modification  at  surface  accessible  basic  residues 
allowed  for  the  correlation  of  the  relative  reactivities  with  the  position  within  the  tertiary 
structure  of  the  protein.  Figure  has  been  reproduced  from  Zappacosta  et  at.  (75). 
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An  example  of  chemical  modification  and  ESI-MS  used  for  probing  active 
arginine  residues  in  creatine  kinase  (CK)  was  reported  by  Wood  et  al.  (76).  Such  an 
application  is  well  suited  for  ESI-MS  as  qualitative  data  is  sufficient  for  identifying 
residues  of  interest.  CK  is  involved  in  energy  metabolism  in  cells  by  catalyzing  the 
reversible  transfer  of  a phosphoryl  group  from  phosphocreatine  to  MgADP  to  form 
creatine  and  MgATP.  Modification  of  CK  by  phenylglyoxal  (Figure  1-12)  was  followed  by 
MSn  analysis  or  Lys-C  digestion  and  ESI-MS  analysis.  The  results  of  these  studies 
implicated  three  arginine  residues  in  the  inactivation  by  phenylglyoxal  and  thus  as  pivotal 
in  enzyme  activity  or  folding. 
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Figure  1-12.  Reaction  scheme  of  creatine  kinase  (CK)  arginine  residues  with 
phenylglyoxal.  Modification  of  three  arginine  residues  by  phenylglyoxal  resulted  in  the 
inactivation  of  the  phosphoryl  group  transfer  activity  of  CK.  Reaction  scheme 
reproduced  from  Wood  et  al.  (76). 


Examples  such  as  those  mentioned  above  demonstrate  the  utility  of  ESI-MS  for 
characterizing  and  mapping  of  chemically  modified  proteins.  The  quantification  of 
selectivity  of  residues  presents  an  obstacle  that  is  explored  further  below.  In  spite  of  this 
limitation,  use  of  ESI-MS  can  logically  be  extended  to  include  probing  of  chemical 
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modifications  that  can  ultimately  be  linked  to  further  functionalities.  Such  a joining  of  two 
functions  by  a chemical  or  biological  means  is  termed  “bioconjugation”  (77). 

Bioconjugation  has  been  used  for  many  purposes  but  most  include  alteration  or 
enhancement  of  enzyme  function.  Perhaps  the  original  example  of  bioconjugation  of  an 
enzyme  to  a functional  group  was  reported  by  Levine  et  al.  in  1977  (78).  In  this  study 
the  enzyme  papain  was  reacted  with  brominated  flavins  to  produce  a covalent  linkage  at 
Cys-25  in  the  active  site  of  papain  (Figure  1-13).  The  result  was  a new  semi-synthetic 
oxoreductase.  The  single  free  sulfhydryl  in  papain  made  the  enzyme  highly  suitable  for 
such  a bioconjugation,  as  the  site  of  modification  was  unequivocal.  A complete  review 
of  these  flavopapain  derivatives  was  reported  by  Kaiser  et  al.  in  1984  (79). 


Figure  1-13.  Structure  of  one  flavin  derivative  covalently  linked  to  papain  at  cys-25 
resulting  in  a semi-synthetic  oxoreductase,  7a-papain  acetyl-1 0-methylisoalloxazine. 
Figure  reproduced  from  Levine  et  al.  (78). 

In  order  to  explore  biological  electron  transfer  in  cytochrome  c,  Pan  et  al.  (80) 
performed  a bioconjugation  between  cytochrome  c lysine  residues  and  Ruu(bpy)2C03  to 
form  a singly  labeled  Ru"(bpy)2(dcbpy-cytochome  c)  semi-synthetic  system.  The  two- 
step  bioconjugation  involved  the  initial  modification  of  lysine  residues  by  mono-N- 
hydroxysuccinimide  ester  of  4,  4’-dicarboxy  2,2’-bipyridine  (dcbpy).  The  derivatives 
were  then  separated  by  HPLC  to  obtain  purified  singly  labeled  protein.  A further  reaction 
was  then  accomplished  by  treatment  with  Ru"(bpy)2C03  (Figure  1-14).  The 
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Figure  1-14.  Schematic  representation  of  the  preparation  of  Ru"(bpy)2(dcbpy)- 
cytochrome  c derivative.  Bioconjugation  was  accomplished  through  modification  of 
cytochrome  c lysine  residues  with  dcbpy.  The  subsequent  addition  of  Ru(bpy)2C03 
allowed  for  the  complexation  of  Ru(bpy)22+  to  the  bipyridal  ligand.  Reaction  schemes 
reproduced  from  Pan  et  at.  (80). 


luminescence  emission  was  monitored  for  each  enzyme  derivatized  at  a different  site. 
While  this  preparation  produced  singly  modified  semi-synthetic  derivatives,  the  site  of 
modification  was  determined  by  proteolytic  digestion  and  amino  acid  sequencing.  It  is 
possible  that  ESI-MS  would  provide  a more  rapid  analysis  with  higher  specificity. 

Another  example  of  bioconjugation  through  chemical  modification  was  reported 
by  Albert  et  al.  in  1992  (81).  The  generation  of  fluorohydrolase  activity  in  an  enzyme 
was  accomplished  by  the  bioconjugation  of  dimethyl  pimelimidate  through  the  chemical 
modifier  hexamethylphosphoroamide  (HMPA)  to  the  enzyme,  bovine  pancreatic 
ribonuclease  (RNase).  The  derivatized  enzyme  displays  high  fluorohydrolase  activity, 
but  the  mechanism  of  derivatization  and  the  site  of  modification  are  not  known.  ESI-MS 
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would  be  a complement  to  such  a study  for  the  elucidation  of  further  information  about 
this  semi-synthetic  system. 

Another  type  of  bioconjugation  recently  explored  is  the  introduction  of  a catalytic 
cofactor  into  the  active  site  of  an  enzyme  to  prepare  a new  semi-synthetic  catalyst.  A 
review  of  bioconjugation  with  catalytic  cofactors  was  presented  by  Distefano  etal.  (82)  in 
1998.  In  general,  successful  bioconjugations  have  been  performed  by  either  chemical 
modification  of  proteins  that  contain  a unique  residue  susceptible  to  modification  or  by 
the  introduction  of  such  a residue  by  site-directed  mutagenesis.  Many  examples  of 
semi-synthetic  enzymes  prepared  using  these  methods  exist,  including  work  by  Ebright 
etal.  (83),  Sigman  etal.  (84-88),  Schultz  (89,90),  Dervan  (91,92)  and  Distefano  (93). 

The  field  of  semi  synthetic  enzymes,  while  promising  in  terms  of  its  potential,  has 
been  slow  moving  in  terms  of  its  production  of  a semi-synthetic  system  that  has  direct 
therapeutic  application.  Also,  the  use  of  the  protein  with  the  unique  modifiable  residue 
ultimately  limits  the  number  of  base  protein  systems  that  can  be  exploited,  and  thus  site- 
directed  mutagenesis  is  required  to  introduce  the  unique  modifiable  residue.  Based  on 
these  modification  issues,  it  would  be  advantageous  to  use  chemical  modification  of  a 
protein  that  did  not  possess  a uniquely  modifiable  residue  followed  by  its  separation  and 
subsequent  bioconjugation  to  another  functionality  of  interest  to  broaden  the  number  of 
potential  protein  candidates  for  derivatization.  The  ability  to  guide  and  track  the 
bioconjugation  of  the  protein  is  required  and  is  possible  with  the  use  of  HPLC  and  mass 
spectrometry. 

The  research  project  presented  herein  was  performed  for  the  bioanalytical 
method  development  of  protein  bioconjugation  through  chemical  modification  with  a 
protein  that  does  not  possess  a uniquely  modifiable  residue.  HPLC  and  ESI-MS  have 
been  employed  to  guide  and  track  the  development.  Results  described  provide  a 
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method  that  could  potentially  be  applied  to  any  carefully  chosen  protein  and  modification 
reagent  for  the  development  of  a semi-synthetic  enzyme. 


CHAPTER  2 

CHEMICAL  MODIFICATION  OF  RIBONUCLEASE  A 
Introduction 

Development  of  a functional  bioconjugate  requires  initial  selection  of  a protein  to 
be  modified.  As  the  development  of  a bioconjugation  system  was  pursued  in  this 
research,  the  choice  of  base  protein  was  limited  only  to  an  enzyme  that  was  well- 
characterized,  readily  available,  and  susceptible  to  chemical  modification.  These 
requirements  were  satisfied  with  bovine  pancreatic  Ribonuclease  A (RNase  A). 

RNase  A hydrolytically  cleaves  the  phosphate  backbone  of  RNA  and  has  been 
the  object  of  groundbreaking  work  in  the  basic  understanding  of  proteins  and  enzymes. 

It  has  been  the  subject  of  research  in  protein  folding,  stability,  enzymatic  activity, 
structure  and  evolutionary  development.  Numerous  reviews  on  this  protein  include 
those  by  Anfinsen  et  al.  (94),  Raines  (95),  and  DAIessio  and  Riorian  (96).  Original  work 
on  bovine  pancreatic  Ribonuclease  A was  begun  by  Jones  in  1920  (97),  and 
crystallization  of  the  protein  was  first  accomplished  in  1939  by  Kunitz  (98).  Since  then, 
many  significant  papers  have  been  published  regarding  the  activity  (99), 
chromatographic  separation  and  purification  (100,101)  assay  development  (102,103), 
and  investigation  of  active  site  residues  (104,105).  Crystallographic  studies  include  work 
by  Kartha  et  al.  (106),  Carlisle  et  al.  (107)  Wlodawer  et  al.  (108),  and  Kim  et  al.  (109). 
Work  has  also  been  reported  on  kinetic  and  thermodynamic  studies  of  RNase  A (110), 
anion  binding  and  pH  electrostatic  effects  (111),  and  investigations  by  NMR  (112-114). 
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Significant  numbers  of  reports  have  focused  on  the  chemical  modifications  of 
RNase  A that  include  early  affinity  labeling  with  pyridoxal  phosphate  (115), 
carboxymethylation  of  active  site  histidine  residues  (116),  the  targeting  of  arginine 
residues  by  the  modification  reagent  1 ,2-cyclohexanedione  to  study  proteolytic  digestion 
(117),  modification  of  various  residues  for  the  study  of  interaction  between  RNase  A and 
its  human  placental  inhibitor  (1 18,1 19),  the  study  of  glycation  of  amino  groups  as  a 
model  for  glycation  in  proteins  (120),  and  the  probing  of  RNase  A phosphate  binding 
subsites  (121,122). 

Along  with  crystallography,  NMR  and  sequencing  techniques,  RNase  A has  been 
well-characterized  by  mass  spectrometry.  Mass  spectrometric  studies  have  included 
investigations  on  the  protein  conformation  and  the  differences  between  RNase  A and 
Ribonuclease  B (RNase  B),  which  is  a glycosylated  form  of  RNase  A (123,124).  Non- 
covalent  interactions  of  substrates,  inhibitors,  and  adducts  with  RNase  A and  variants  of 
RNase  A have  also  been  studied  by  ESI  (125-127).  ESI-MS  was  used  to  study  non- 
covalent  interactions,  thermal  denaturation  and  entropy  changes  of  RNase  S (128-130). 

Mass  spectrometry  has  also  been  used  to  characterize  chemical  modifications  in 
RNase  A.  Glocker  et  al.  (131)  reported  the  acetylation  and  succinylation  of  RNase  A 
using  HPLC  and  mass  spectrometry  to  identify  sites  of  modification  and  to  quantify  the 
reactivity  of  those  sites. 

The  accessibility  of  large  quantities  of  RNase  A along  with  the  widely  accepted 
knowledge  of  its  structure  and  activity  made  RNase  A well  suited  for  bioconjugation 
method  development.  The  susceptibility  of  RNase  A to  chemical  modification  has  been 
well-documented  as  described  above.  The  protein  contains  10  lysine  residues  that  can 
be  chemically  modified  by  exploiting  the  nucleophilicity  of  their  e-amino  groups  and  the 


32 


Figure  2-1.  Ribonuclease  A (RNase  A)  (a)  Three-dimensional  structure  represented  by 
a ‘ribbon’  diagram.  The  ten  Lysine  residues  are  represented  as  sticks.  Lys-1  and  Lys- 
41  are  circled,  (b)  Primary  sequence  of  RNase  A.  Lys-1  has  two  possible  sites  of 
modification,  the  e-  and  a-amino  groups.  All  lysine  residues  may  be  modified  under 
certain  reaction  conditions. 


terminal  a-amino  group  (see  Figure  2-1).  The  pKa  of  the  a-amino  terminus  group  has 
been  reported  as  6.6,  the  s-amino  group  for  active  site  lysine  41  has  been  reported  as 
8.6  and  the  s-amino  groups  on  the  rest  of  the  protein  range  from  1 0.6  to  1 1 .2  (1 1 3).  The 
variability  in  the  lysine  pKa’s  presents  the  possibility  that  certain  amino  groups  may  be 
selectively  modified. 

The  reagent  2-iminothiolane  (Traut’s  reagent)  was  the  first  reagent  chosen  to 
modify  RNase  A.  The  reaction  scheme  is  shown  in  Figure  2-2.  Traut’s  reagent  has  been 
used  for  the  study  of  protein  structures  by  reaction  with  lysine  residues,  followed  by 
oxidation  to  form  a disulfide  bond  between  the  imidate  groups  (132).  The  bifunctionality 
of  the  imidate  label  was  to  be  used  later  in  the  bioconjugation  of  RNase  A as  a linker  to 
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Figure  2-2.  Reaction  scheme  of  Traut’s  reagent  (2-iminothiolane)  with  an  e-amino  group 
of  lysine.  Nucleophilic  attack  by  the  e-amino  group  of  lysine  results  in  the  addition  of  an 
imidate  linkage  to  a terminal  thiol.  The  imine  group  in  the  functionality  maintains  a 
positive  charge,  thus  conserving  the  charge  at  that  site  on  the  protein  after  modification. 


another  group  of  designed  functionality.  Ideally,  the  sulfhydryl  would  be  reacted  with  a 
thiol  that  had  been  derivatized  to  contain  a metal  binding  group  such  as  bipyridyl  amine. 
Modification  of  RNase  A with  this  two-step  process  would  result  in  covalent  attachment 
of  a metal  binding  cofactor  to  RNase  A.  Separation  of  RNase  A modified  with  Traut’s 
reagent  was  found  to  be  problematic  because  of  the  positive  charge  that  was  maintained 
on  the  functionalized  residue  after  modification. 

As  a control  study,  a new  modification  reagent  was  chosen  that  would  neutralize 
the  positive  charge  in  lysine  residues  upon  reaction.  The  reagent  N-hydroxy  succinimide 
acetate  (NHS-acetate),  shown  in  Figure  2-3,  was  synthesized  according  to  the  method 
of  Lindsay  and  Shall  (133)  and,  subsequently  used  to  modify  RNase  A.  Mass 
spectrometric  examination  was  employed  to  verify  the  modification  of  the  protein.  A 
procedure  for  separation  of  RNase  A modified  with  different  numbers  of  acetate  groups 
was  also  developed  using  cationic  exchange.  Preliminary  results  of  this  control 


34 


modification  and  separation  indicated  the  possibility  of  separation  of  singly  modified 
RNase  A (see  below).  With  these  preliminary  results,  a new  modification  reagent  was 
chosen  that  would  possess  further  functionality. 

Scheme  1 


Lysine  NHS-acetate 


Figure  2-3.  The  N-hydroxy-succinimide  group  of  NHS-acetate  reacts  with  nucleophilic 
amino  groups  (Scheme  1). 

A modification  reagent  possessing  bifunctionality  was  desired  for  bioconjugation 
once  mapping  of  the  modified  RNase  A system  had  been  established.  Two 
heterobifunctional  cross-linking  reagents  were  chosen;  first,  N-succinimidyl-3-[2- 
pyridyldithio]  propionate  (SPDP),  and  second,  4-succinimidyloxycarbonyl-methyl-e-[2- 
pyrdyldithioj-toluene  (SMPT),  both  shown  in  Figure  2-4.  SPDP  and  SMPT  have  been 
extensively  used  in  the  development  of  immunochemical  therapeutic  reagents.  The 
mass  change  upon  modification  of  RNase  A with  SPDP  (197.28  Da)  is  equal  to  that  of 
two  phosphate  adducts,  making  the  unequivocal  determination  of  modification  difficult. 
For  this  reason,  the  reagent  SMPT  was  used.  SMPT’s  chemical  functionality  is  the 
same  as  SPDP’s,  but  the  mass  change  (273.34  Da)  upon  modification  of  RNase  A 
allowed  for  unequivocal  determination  of  the  numbers  of  SMPT  groups  added. 

SMPT  has  been  utilized  for  the  preparation  of  immunotoxins,  linking  a cell- 
binding component  to  a potent  toxin  to  target  Hodgkin’s  lymphoma  (134-136).  SMPT 
has  also  been  used  in  a similar  manner  for  the  development  of  thrombolytic  and 
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Figure  2-4.  Heterobifunctional  cross-linking  reagents,  a)  N-succinimidyl-3-[2- 
pyridyldithio]propionate  (SPDP).  b)  4-succinimidyloxycarbonyl-methyl-e-[2-pyrdyldithio]- 
toluene  (SMPT). 


antiplatelet  reagents  (137).  The  N-hydroxy-succinimide  group  of  SMPT  reacts  with 
nucleophilic  amino  groups  on  proteins  (Figure  2-5,  Scheme  1).  The  covalently  linked 
SMPT  provides  a dithio  group  that  can  be  exchanged  with  a thiol  compound  to  further 
derivatize  the  protein  (Figure  2-5,  Scheme  2). 


Scheme  1 


Lysine  SMPT 

Scheme  2 


Figure  2-5.  The  N-hydroxy-succinimide  group  of  SMPT  reacts  with  nucleophilic  amino 
groups  (Scheme  1).  The  covalently  linked  SMPT  provides  a dithio  group  that  can  be 
exchanged  with  a thiol  compound  to  further  derivatize  the  protein  (Scheme  2). 


Optimization  of  cation  exchange  separation  procedures  enabled  investigation  of 
the  numbers  of  SMPT  reagents  added  to  the  RNase  A.  Subsequent  analyses  were 
performed  on  HPLC/ESI/QIT-MS,  where  QIT  refers  to  quadrupole  ion  trap.  HPLC  online 
with  ESI/QIT-MS  was  used  to  investigate  the  separation  of  modified  RNase  A based  on 
numbers  of  modifications.  The  multi-dimensional  separations  developed  for  this 
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chemically  modified  protein  followed  by  mass  spectrometric  analysis  demonstrate  their 
applicability  for  isolation  and  characterization  of  other  potential  bioconjugate  systems. 

Experimental  Procedures 

General  Reagents 

All  reagents  were  reagent  grade  unless  otherwise  specified.  All  buffers  were 
purchased  from  Sigma  (St.  Louis,  MO).  Water  was  purified  by  a Sybron/Bamsted 
Module  Deionization  System. 

Ribonuclease  A Purification 

Ribonuclease  A,  type  1-AS  from  bovine  pancreas,  was  purchased  from  Sigma. 
Purification  was  accomplished  by  two  methods. 

Purification  method  1 

RNase  A was  purified  with  an  Amberiite  cationic  exchange  column  (200-400 
mesh).  The  column  was  eluted  with  a linear  gradient  from  0.14  M to  2.0  M sodium 
phosphate,  pH  6.95.  The  last  eluted  peak  was  collected  and  rechromatographed  on  a 
Sephadex  G 100  in  0.2  mM  tris  (hydroxymethyl)-aminomethane  buffer  (tris),  pH  8.0,  to 
remove  salts.  The  protein  was  dialyzed  into  0.1%  trifluoroacetic  acid  (TFA)  and 
lyophilized  for  long-term  storage.  The  concentration  of  RNase  A in  solution  was 
determined  by  UV/visible  spectroscopy  (Perkin-Elmer  390),  € = 9800  cm'1  M1. 
Purification  method  2 

RNase  A was  purified  using  a Bio-Rex  70  cationic  exchange  resin  from  Bio-Rad 
(Hercules,  CA).  The  column  (0.7  x 70  cm)  was  eluted  with  an  exponential  gradient  from 
10  mM  to  160  mM  ammonium  phosphate,  pH  7.2  at  a flow  rate  of  0.6  mL  / min.  The 
eluate  was  monitored  at  229  nm.  The  last  eluted  peak  (RNase  A)  fractions  were 
collected,  concentrated  by  Amicon  filtration  (MW=3500)  and  desalted  by  using  a 
Sephadex  G50  (Sigma)  column  with  0.2  mM  tris  buffer  (Acros,  New  Jersey),  pH  8.0. 
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The  protein  was  dialyzed  into  H20  and  lyophilized  for  long-term  storage.  The 
concentration  of  RNase  A in  solution  was  determined  by  UV/visible  spectroscopy 
(Perkin-Elmer  390). 

Kinetic  Assay  of  RNase  A Activity 

Enzyme  activity  was  determined  by  the  methods  of  Crook  et  al.  (102)  and  Eftink 
et  al.  (138).  Briefly,  the  RNase  A catalyzed  hydrolysis  of  cytidine  2',  3'-cylic 
monophosphate  (2,3-cCMP)  at  25°C  was  monitored  by  following  the  increasing 
concentration  of  the  reaction  product,  3-CMP,  at  295  nm.  The  pseudo  first-order  rate 
constant,  kobs,  was  determined.  Under  the  assay  conditions,  native  RNase  A had  a rate 
constant  (Iw  / [E])  of  1 .2  ± 0.5  x 103  M'1  s'1.  Eftink  et  al.  (138)  have  reported  a rate 
constant  of  2.57  x 103M_1  s'1. 

Modification  of  RNase  A with  Traut’s  Reagent 

Traut’s  Reagent,  2-iminothiolane,  was  purchased  from  Pierce.  A stock  solution 
of  Traut’s  Reagent  was  prepared  by  dissolving  3.44  mg  of  the  reagent  in  0.05  mL  of  1 M 
2-[N-morpholino]ethanesulfonic  acid  (MES)  buffer,  pH  6.5.  The  RNase  A was  dissolved 
in  2 mL  of  50  mM  MES  buffer,  pH  6.5.  The  0.05  mL  of  Traut’s  Reagent  was  added  to 
the  RNase  A solution  and  left  to  incubate  for  8+  hours  at  4°C.  The  reaction  mixture  was 
then  dialyzed  against  50  mM  MES  buffer,  pH  6.5,  followed  by  dialysis  against  49%  HzO  / 
49%  methanol  / 2%  acetic  acid  for  electrospray  mass  spectrometry.  These  conditions 
were  optimized  with  regards  to  pH,  buffer  salt,  buffer  concentration,  temperature  and 
molar  ratios  of  modifying  reagent  and  protein. 

NHS-Acetate  Synthesis 

2.86  mL  acetic  acid  (17.4  M)  was  dissolved  in  30  mL  dichloromethane  (Fisher). 

In  a separate  solution,  N-hydroxy  succinimide  (5.76  g)  was  dissolved  in  10  mL  dioxane 
with  heating  and  then  added  to  the  dichloromethane  solution  with  stirring.  10.32  g of 
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dichlorohexylcarbodiimide  (DCC)  was  also  added.  The  pale  yellow  solution  was  stirred 
overnight  at  4°C  followed  by  2 hours  at  room  temperature.  The  solution  was  then  filtered 
with  a Buchner  funnel  and  the  filtrate  was  quickly  concentrated  by  vacuum  roto- 
evaporation.  The  solid  was  recrystallized  in  ethyl  acetate  and  yield  was  50%. 
Modification  of  RNase  A with  NHS-Acetate 

RNase  A and  NHS-acetate  were  incubated  in  an  80%  tris  buffer  (10  mM,  pH  8.0) 
/ 20%  DMF  solution  for  2 hours  at  room  temperature.  A 1:1  molar  ratio  of  RNase  A to 
NHS-acetate  was  used.  The  NHS-acetate  stock  was  prepared  in  DMF  and  then  diluted 
with  tris  buffer.  The  final  reaction  mixture  was  1 .5  mL.  After  incubation,  the  reaction 
mixture  was  either  dialyzed  against  49%  H20  / 49%  methanol  / 2%  acetic  acid  for 
electrospray  mass  spectrometry  or  applied  to  a Bio-Rex  70  column.  Elution  gradient  for 
the  Bio-Rex  70  was  the  same  as  that  used  for  native  RNase  A in  purification  method  2. 
Fractions  were  collected,  concentrated  and  dialyzed  into  49%  H20  / 49%  methanol  / 2% 
acetic  acid  for  electrospray  mass  spectrometry. 

Modification  of  RNase  A with  SPDP 

The  modifying  reagent,  N-succinimidyl-3-[2-pyridyldithio]propionate  (SPDP),  was 
purchased  from  Pierce.  The  molar  ratios  of  SPDP  to  RNase  A were  1:1,  2:1  and  4:1. 
The  SPDP  stock  was  prepared  in  DMF  and  then  diluted  with  tris  buffer  (10  mM,  pH  8.0). 
The  RNase  A and  SPDP  were  incubated  in  80%  tris  buffer  (10  mM,  pH  8.0)  / 20%  DMF 
for  3!4  hours  at  room  temperature.  The  final  reaction  mixture  had  a volume  of  1.5  mL. 
After  incubation,  the  reaction  mixture  was  applied  to  a Bio-Rex  70  column.  The  elution 
gradient  was  the  same  as  that  used  for  native  RNase  A.  Fractions  were  collected, 
concentrated  and  dialyzed  into  49%  H20  / 49%  methanol  / 2%  acetic  acid  for 
electrospray  mass  spectrometry. 
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Modification  of  RNase  A bv  SMPT 

Purified  RNase  A was  dissolved  in  50  mM  N-  [2hydroxyethyl]  piperazine-N’-[3- 
propane-sulfonic  acid]  (EPPS)  buffer  (Sigma)  at  pH  7.0  or  8.0.  RNase  A was  modified  at 
nucleophilic  lysine  residues  with  SMPT  (Pierce).  The  reaction  was  run  in  20% 
acetonitrile  (Fisher)  / 80%  50  mM  EPPS  buffer  at  pH  7.0  or  8.0  with  a final  reaction 
volume  of  1 .5  mL.  A molar  ratio  of  2:1  was  used  at  pH  8.0  (4:1  at  pH  7.0)  for  SMPT  to 
RNase  A,  with  an  incubation  time  of  6.5  hours  at  room  temperature.  Fractions  were 
collected,  concentrated  and  dialyzed  into  49%  H2O  / 49%  methanol  / 2%  acetic  acid  for 
electrospray  mass  spectrometry. 

Separation  of  Modified  Ribonuclease  A Products 

The  reaction  solution  was  applied  directly  to  a Bio-Rex  70  column  (0.7  x 70  cm), 
and  was  eluted  overnight  with  an  exponential  gradient  of  10  mM  to  160  mM  ammonium 
phosphate  at  a flow  rate  of  0.3  mL/min.  The  elution  was  monitored  at  229  nm  with  an 
Isco  absorbance  monitor,  UA-5,  and  the  fractions  were  collected,  concentrated  and 
either  lyophilized  and  reconstituted  in  49%  methanol  / 49%  H20  / 2%  acetic  acid  for 
mass  spectrometric  analysis.  If  the  fractions  were  to  be  further  separated  by  HPLC,  they 
were  collected  and  concentrated  to  250  p.L  by  Amicon  filtration,  MW  cutoff  = 3500. 

HPLC  Separation  of  Modified  RNase  A Offline 

Some  Bio-Rex  70  separated  SMPT  modified  RNase  A fractions  were  further 
separated  on  a Phenomenex  Jupiter  5p  C18  column  (Torrance,  CA)  (4.6  mm  i.d.  x 250 
mm;  guard  column,  4.6  mm  i.d.  x 30  mm,  300  A pore).  Buffer  A consisted  of  1%  stock 
buffer  (below),  10%  acetonitrile  (HPLC  grade,  Fisher),  89%  H20  and  buffer  B was  1% 
stock  buffer,  75%  acetonitrile,  and  24%  HzO.  The  stock  buffer  consisted  of  7.5% 
trifluoroacetic  acid  (Fisher),  50%  triethanolamine  (Fisher),  25%  acetonitrile  and  62.5% 
H20.  The  column  was  equilibrated  with  5%  buffer  B at  1 mL/min.  The  elution  was  as 
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follows:  0 min  (A:B=95:5),  5 min  (A:B=95:5),  20  min  (A:B=70:30),  30  min  (A:B=65:35), 

40  min(A:B=25:75);  50  min  (A:B=95:5).  The  various  forms  of  modified  RNase  A were 
detected  by  their  absorbance  at  229  nm.  The  peak  fractions  were  collected, 
concentrated,  lyophilized  and  reconstituted  in  49%  methanol  / 49%  H20  / 2%  acetic  acid 
for  mass  spectrometric  analysis. 

Electrosprav  Fourier  Transform  Ion  Cyclotron  Resonance  Mass  Spectrometer 

ESI/FTICR-MS  data  were  collected  by  G.  H.  Lisa  Lang  and  Linda  S.  Nichols.  All 
ESI/FTICR  mass  spectrometric  experiments  were  performed  with  a Bruker  BioAPEX 
external  source  shielded  4.7-Tesla  FT-ICR  mass  spectrometer  (Bruker  Analytical 
Systems,  Inc.,  Billerica,  MA)  equipped  with  a Bruker  Xmass  4.0.3  data  system.  A 
detailed  description  of  the  instrument  can  be  found  elsewhere.  (139,140)  The 
electrospray  source  was  a modified  Analytica  electrospray  source  (Analytics  of  Branford, 
Branford,  CT).  The  stainless  steel  desolvation  capillary  was  held  at  ground  potential  and 
heated  to  120°C.  The  FTICR  cell  pressure  was  1 x 10'9  torr.  The  samples  were  sprayed 
at  a rate  of  1 pl/min.  The  electrospray  needle  (2950  V)  was  located  at  a distance  ca.  1 
cm  from  the  capillary.  The  capillary  and  skimmer  voltage  were  adjusted  to  values  which 
maximized  the  signal  intensities  for  the  ions  of  interest,  and  typical  values  were  100  and 
1 0 volts  for  the  capillary  and  skimmer,  respectively. 

HPLC/Quadrupole  Ion  Trap  Mass  Spectrometry 

High  performance  liquid  chromatography  / electrospray  ionization  / quadrupole 
ion  trap  / mass  spectrometry  (HPLC/ESI/QIT-MS)  data  were  collected  by  Jodie  V. 
Johnson.  HPLC/ESI/QIT-MS  data  were  acquired  on  a Finnigan  MAT  LCQ  quadrupole 
ion  trap  mass  spectrometer  (Finnigan  MAT,  San  Jose,  CA)  operated  in  the  electrospray 
ionization  (ESI)  mode.  Typical  operating  parameters  included  nitrogen  sheath  and 
auxiliary  gases  of  70  and  10  (unitless),  respectively,  a heated  capillary  temperature  of 
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235°C,  and  an  ion  spray  voltage  of  3.5  kV.  MS  data  were  acquired  with  the  normal  m/z 
50-2000  range  as  well  as  with  the  extended  m/z  range  (up  to  m/z  4000)  offered  with  the 
LCQ’s  advanced  scan  function  software. 

The  mobile  phase  was  introduced  by  a Beckman  Instruments  (Fullerton,  CA) 
System  Gold  model  126  pump.  The  binary  HPLC  mobile  phase  system  used  is  the 
same  as  described  previously  for  offline  HPLC.  Chromatographic  separation  was 
achieved  with  either  a Phenomenex  Jupiter  5p  Cl 8 column  size  (column  and  gradient 
described  above)  or  a Waters  (Milford,  MA)  Symmetry  Cl  8 (2.1  mm  i.d.  x 150  mm,  5 pm 
particles,  100  A pore).  A typical  gradient  at  0.2  mL/min  for  the  Waters  column  was:  0 min 
(A:B=95:5),  1 min  (95:5)  41  min  (5:95),  and  45  min  (5:95).  The  column  effluent  was  split 
prior  to  the  ESI  source  with  approximately  70-80%  of  the  effluent  going  to  waste. 

Results  and  Discussion 

Purification  of  RNase  A 

Bovine  pancreatic  RNase  A is  a well-characterized  protein  (MW  13681  Da)  that 
hydrolytically  cleaves  RNA.  In  order  to  pursue  extensive  modification  and  mapping 
studies  for  characterization  of  the  protein  derivatives  and  evaluation  of  their  potential  as 
bioconjugates,  a large  amount  of  RNase  A starting  material  was  needed.  It  was 
expected  that  modification,  separation,  and  analysis  would  require  not  only  significant 
amounts  of  RNase  A,  such  as  gram  quantities,  but  also  highly  purified  protein.  For  this 
reason  lower  grade  bovine  pancreatic  RNase  A was  purchased  from  Sigma  and  purified 
according  to  the  method  by  Crestfield,  published  in  1963  (101). 

In  eukaryotic  cells,  in  addition  to  RNase  A,  ribonuclease  is  also  expressed  as 
RNase  B,  which  has  an  oligosaccharide  chain  covalently  linked  to  Asn  34  (110). 
Mannose  rings  enable  RNase  A to  be  separated  from  RNase  B by  virtue  of  their  differing 
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dipole  moments  and  ability  to  interact  with  ionic  exchange  resin.  Consequently,  cation 
exchange  separation  with  Amberlite  resin  and  linearly  increasing  salt  gradient  separates 
RNase  B (eluting  early)  and  RNase  A (eluting  later)  (Figure  2-6).  RNase  A was 
collected  and  rechromatographed  using  a size-exclusion  column  (G-50)  to  desalt. 

Kinetic  activity  was  verified  as  described. 

A problem  with  this  purification  method  arose  when,  as  a control,  RNase  A that 
had  been  purified  by  method  1 was  applied  to  the  Bio-Rex  70  cationic  exchange  column 
that  was  used  for  separation  of  modified  protein.  It  was  found  that  under  the  conditions 
used  for  the  Bio-Rex  70  elution,  other  unidentifiable  residual  peaks  appeared  (retention 
times  between  12  and  15  Vt  hours)  prior  to  the  expected  retention  time  of  RNase  A 
(retention  time  between  16  and  18  hours)  (Figure  2-7).  The  large  peak  at  the  retention 
time  of  RNase  A was  collected  and  rechromatographed  under  the  same  conditions  to 
verify  removal  of  all  residual  peaks  (Figure  2-8). 

The  above  results  indicated  that  Bio-Rex  70  chromatography  must  be  used  as 
part  of  the  purification  procedure.  It  was  then  attempted  to  purify  the  RNase  A by  using 
the  Bio-Rex  70  column  and  omitting  the  Amberlite  resin  originally  used  by  Crestfield 
(101).  Such  a separation  of  impure  RNase  A yields  numerous  peaks  indicating  RNase  A 
of  varying  degrees  of  purity  in  the  originally  purchased  sample  (Figure  2-9).  Collection 
of  the  peak  with  the  longest  retention  time  and  re-separation  on  the  Bio-Rex  70  indicated 
elimination  of  unidentified  residual  peaks.  Therefore,  the  step  of  Amberlite 
chromatography  was  eliminated. 

Along  with  kinetic  assays  of  activity,  purity  of  RNase  A was  examined  by 
ESI/FTICR-MS.  The  multiply  charged  protein  with  the  highest  peak  intensity  is  [M+8H]8+ 
charge  state,  with  8 protons  attached  to  the  protein.  Mass  spectra  units  are  in  m/z,  and 


43 


<o 

5 

c 

d)  in 

o°> 

<u  -k 


co 

CD 

CL 

~o 

c 

o 

o 

a) 

<n 

- a) 


r (Dt 

0 CO 
O)  JO.  ■ 
cz  aC 
(0  W 0 

° ra 

o r 
X CL 

® C C 
O ^ ~ 

EM- 

B 

co  w < 


o 

0 


0 


3 0 
-v  C/3 

> ro 

ECN1  E 
<2o 

-a  ^ !X 

0 co 
W o 0 

-2  *-  05 
Z C C 
Ct  0 4= 
**r  “O  — 

o ro  a), 

§ ®m 

S ” « 

Si=  *-  “ 
C CO  2 
3 0 0£ 

°-:i  «o 


.0)2  A) 
U_  0 CO 


(RNase  A)  was  rechromatographed  on  Sephadex  G100  resin  to  desalt. 
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Figure  2-7.  For  purposes  of  control,  RNase  that  had  been  purified  according  to  method 
1 was  incubated  in  the  modification  reaction  mixture  (80%  tris  / 20%  DMF)  in  the 
absence  of  modification  reagent  followed  by  chromatographic  separation  on  Bio-Rex  70 
resin.  Unidentified  residual  peaks  appeared  prior  to  the  expected  retention  time  of  the 
native  RNase  A. 


Figure  2-8.  The  large  peak  from  Bio-Rex  70  separation  of  purified  RNase  A (Figure  2-7) 
was  collected,  incubated  again  in  the  modification  reaction  mixture  (80%  tris  / 20%  DMF) 
in  the  absence  of  modification  reagent,  and  rechromatographed  on  Bio-Rex  70  resin.  All 
unidentified  residual  peaks  were  removed. 
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concentrated  and  rechromatographed  on  Sephadex  G50  to  desalt. 
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multiplication  by  the  charge  state  results  in  the  exact  mass  of  the  protein  (Figure  2-10). 
The  first  peak  in  the  charge  state  envelope  is  native  RNase  A.  Naturally  occurring 
phosphate  adducts  were  also  seen  as  peaks  at  increasing  m/z  in  the  charge  state 
envelope  (123,125).  High-resolution  scans  of  a given  peak  revealed  the  isotopic  pattern 
of  that  molecular  ion  (Figure  2-10  inset).  The  first  peak  in  the  isotopic  envelope  is  the 
12C  isotope  followed  by  the  addition  of  one  13C  for  every  following  peak.  The  m/z 
difference  between  these  peaks  is  1/8  revealing  its  inverse  as  the  charge  state, 

[M+8H]8+.  This  mass  spectral  data  has  been  used  for  comparison  of  mass  changes 
upon  modifications  with  various  reagents. 

Modification  of  RNase  A and  Separation  of  RNase  A Derivatives 

RNase  A contains  10  lysine  residues,  resulting  in  a total  of  1 1 amino  groups, 
including  the  a-amino  terminus  that  can  be  modified  by  reaction  with  the  imidate  group 
of  Traut’s  reagent  (Figure  2-4)  and  the  N-hydroxy-succinimide  (NHS)  groups  of  NHS- 
acetate,  SPDP  and  SMPT  (Figure  2-5).  Lysine  residues  1,  7 and  41  have  a higher 
propensity  for  modification  by  reagents  previously  investigated  as  a result  of  surface 
accessibility  and  reduced  pKa’s  (120-122,131).  Based  on  the  selectivities  of  lysine 
residues  reported  for  other  modification  reagents,  the  reagents  used  here  were 
evaluated  in  terms  of  their  overall  reactivity  with  lysine  residues. 

Modification  with  Traut’s  reagent 

The  first  reagent  used  to  modify  RNase  A was  Trauf  s reagent.  The  reagent  was 
chosen  for  its  commercial  availability,  low  cost,  and  the  product  that  would  result  from 
reaction  with  RNase  A lysine  residues.  As  seen  in  Figure  2-1,  the  reaction  product  is  an 
RNase  A amino  group  derivatized  to  contain  a terminal  sulfhydryl.  The  sulfhydryl  on  the 
modification  would  be  cross-linked  to  a functionalized  ligand  once  the  chemical 
derivatization  of  RNase  A had  been  well  characterized. 
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Chemical  modification  of  RNase  A by  Traut’s  reagent  was  done  according  to  the 
aforementioned  experimental  conditions.  Reaction  parameters  were  varied  to  maximize 
conversion  of  native  RNase  A to  singly  modified  RNase  A.  Parameters  varied  included 
buffer  (tris  or  MES),  pH  (6,7,8),  and  incubation  time  (20  minutes  to  8+  hours).  Variation 
in  solution  in  which  the  RNase  A and  Traut’s  sample  was  applied  to  the  ESI-MS  was 
also  pursued  (methanol  / H2O  / acetic  acid  vs.  methanol  / H20).  The  result  of  this  array 
of  controlled  parameter  variations  was  that  RNase  A appeared  to  be  unmodified  by 
Trauf  s reagent,  or  modified  with  many  imidate  reagent  groups.  An  example  of  a typical 
ESI-MS  of  RNase  A modified  by  Trauf  s reagent  is  seen  in  Figure  2-1 1 . The  most 
intense  charge  states  typically  seen  in  native  ESI-MS  spectra  of  RNase  A,  [M  + 7H]7  , [M 
+ 8H]8+,  and  [M  + 9H]9+,  are  maintained  in  the  Trauf  s modification  spectrum  indicating 
general  structural  integrity  of  the  protein.  (Note  that  increase  in  ESI-MS  charge  states 
indicates  protein  unfolding  due  to  increased  numbers  of  protonation  sites  and  decreased 
charge  repulsion  over  the  protein  surface.)  It  is  clear  from  Figure  2-1 1 that  significant 
numbers  of  modifications  have  occurred  when  compared  to  the  native  RNase  A in 
Figure  2-10.  Resolution  of  the  [M  + 8H]8+  state  revealed  covalent  additions  of  at  least  six 
reagent  groups  and  various  numbers  of  phosphate  adducts. 

The  high  reactivity  of  RNase  A for  Trauf  s reagent  would  require  the  reaction 
products  to  be  separated  by  liquid  chromatography.  Upon  modification  with  Trauf  s 
reagent,  the  positive  charges  at  lysine  residues  are  retained  due  to  the  charge  on  the 
imidate  group.  Therefore,  separation  of  RNase  A molecules  modified  with  different 
numbers  of  Trauf  s reagent  groups  would  not  be  separable  by  normal-phase,  reverse- 
phase,  or  ionic  exchange  chromatography.  Because  these  separation  methods  were 
readily  available,  a different  modification  reagent  was  chosen  that  would  neutralize  the 
positive  charge  on  the  lysine  upon  modification  and  thus,  allow  for  separation  by  ionic 
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Figure  2-11.  ESI/FTICR-MS  of  RNase  A modified  with  Traut’s  reagent  (2-iminothiolane). 
Predominant  charge  states  are  [M  + 7H]7+,  [M  + 8H]8+  and  [M  + 9H]9*.  Numerous 
additions  of  imidate  groups  and  phosphates  are  represented  by  the  multiple  peaks  within 
each  charge  state.  For  example,  m/z  1764.18-[M  + 8H]8+  corresponds  to  four  imidate 
covalent  additions  to  native  RNase  A.  M/z  1776.97-[M  + 8H]8+  corresponds  to  five 
imidate  covalent  additions  to  native  RNase  A.  The  other  peaks  in  the  spectrum 
correspond  to  combinations  of  imidate  additions  and  phosphate  adducts. 
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exchange  LC  or  HPLC.  Rapid  analysis  by  ESI-MS  also  demonstrated  over-modification 
of  RNase  A by  Traut’s  reagent.  The  choice  of  another  modification  reagent  with  a 
decreased  electrophilicity  may  be  less  reactive  with  the  lysine  residues,  resulting  in 
selective  modification  at  certain  sites  on  the  protein. 

Modification  with  NHS-acetate 

NHS-acetate  was  synthesized  according  to  the  method  by  Lindsay  and  Shall 
(133)  and  was  used  to  modify  RNase  A through  nucleophilic  attack  by  lysine  residues. 
The  reaction  product  was  an  acetyl  group  covalently  attached  to  the  lysine  residue  that 
neutralized  the  positively  charged  amino  group.  Although  no  further  functionality  was 
introduced  with  the  acetate,  such  neutralization  presented  the  possibility  of  separation  of 
reaction  products  by  liquid  chromatography.  The  acetate-modified  RNase  A was  used  to 
develop  liquid  chromatography  separation  conditions  to  be  used  later  for  separation  of 
RNase  A modified  with  reagents  possessing  greater  functionality.  Reaction  conditions 
for  the  modification  reaction  were  optimized  through  trial  and  error  with  the  main 
obstacle  being  full  dissolution  of  the  reagent  NHS-acetate  in  the  reaction  buffer. 
Dissolution  was  achieved  when  DMF  was  used  to  dissolve  the  NHS-acetate  followed  by 
dilution  with  tris  buffer  for  a final  solution  ratio  of  20%  DMF/80%  tris  buffer.  RNase  A 
was  also  soluble  in  the  reaction  mixture  as  it  was  dissolved  first  in  tris,  and  diluted  with 
DMF. 

Separation  was  accomplished  using  a procedure  described  by  Durham  et  al. 
(141).  The  resin  Bio-Rex  70,  a weakly  cationic  exchange  resin  was  used.  The  result  of 
development  of  an  elution  gradient  for  separation  of  acetate-modified  RNase  A reaction 
products  was  a positive,  exponentially  increasing  gradient  of  sodium  phosphate.  The 
column  elution  was  further  optimized  to  run  overnight,  allowing  time  for  the  structurally 
similar  reaction  products  to  separate.  A chromatogram  of  a Bio-Rex  70  separation  of  the 
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reaction  mixture  of  RNase  A and  NHS-acetate  is  shown  in  Figure  2-12.  Fractions  for 
separated  peaks  were  collected  and  examined  by  ESI-FTICR-MS.  The  mass  spectrum 
for  each  resolved  peak  in  Figure  2-12  is  shown  in  Figures  2-1 3(a  - e).  The  mass  change 
for  one  modification  is  42.03  Da.  At  the  [M  + 8H]8+  state  the  m/z  change  is  equal  to  5.25. 
Clearly  shown  is  the  decreasing  number  of  acetate  modifications  with  increasing 
retention  time.  The  neutralization  of  a lysine  residue  upon  modification  reduces  its 
interaction  with  the  anionic  stationary  phase  resulting  in  reduced  retention  time.  The 
native  RNase  A,  peak  E (Figure  2-12)  is  the  most  highly  charged,  being  retained  the 
longest. 

Predominantly  seen  in  the  fractions  from  the  Bio-Rex  70  elution  were  single  and 
double  modifications  by  NHS-acetate.  Higher  numbers  of  acetate  additions  may  have 
caused  any  over  modified  protein  to  elute  in  the  void  volume  of  the  column  or  possibly  in 
what  appears  to  be  an  unseparated  region  in  the  Bio-Rex  chromatogram  that  eluted 
prior  to  any  separated  peaks.  Also  seen  in  figure  2-13  (e)  is  contamination  considered 
to  be  polyethylene  glycol  polymers  (PEGs).  This  type  of  contaminant  appears  in  many 
mass  spectra  of  biological  molecules  as  the  preparation  of  the  samples  usually  requires 
using  containers  (for  example,  plastic  test  tubes,  dialysis  bags,  etc.)  that  may  contain 
these  polymers.  HPLC  can  be  used  to  remove  PEGs  from  samples  of  interest.  HPLC 
was  not  used  in  the  preparation  of  the  acetate  modified  RNase  A shown  in  Figure  2-13, 
and  PEGs  are  present  in  the  native  peak  E. 

Because  the  goal  of  the  separation  was  isolation  of  singly  modified  protein,  the 
fractions  that  were  found  by  ESI-FTICR-MS  to  contain  predominantly  single 
modifications  demonstrated  the  feasibility  of  such  an  isolation.  Since  the  acetate 
modification  did  not  contain  any  functionality  for  further  derivatization  of  RNase  A, 
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retention  time.  Unmodified  RNase  A (peak  E)  elutes  last  as  the  most  highly  charge' 
species. 
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12.  a)  Mass  spectrum  of  peak  A.  Most  abundant  peak,  m/z  1722.9-[M  + 8H] 
corresponds  to  addition  of  2 acetate  groups.  Some  native  RNase  A is  present  in  the 
fraction  as  well  as  phosphate  adducts,  b)  Mass  spectrum  of  peak  B.  Addition  of  2 
acetate  groups  is  the  predominant  peak  with  single  addition  of  acetate  also  present,  m/z 
1717. 9-[M  + 8H]8+  with  and  without  phosphate  adducts. 
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Figure  2-13  continued,  c)  Mass  spectrum  of  peak  C.  Single  acetate  addition  peak  is  the 
most  abundant  with  double  acetate  addition  peak  present,  both  with  and  without 
phosphates,  d)  Mass  spectrum  of  peak  D.  Only  single  addition  of  acetate  present  with  and 
without  phosphates. 
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glass  and  plastic  ware  in  which  sample  is  prepared. 
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modification  was  pursued  with  a new  reagent  that  would  allow  for  further  functionality  to 
be  incorporated  into  the  RNase  A later. 

Modification  with  SPDP 

The  reagent  SPDP  was  the  next  modification  reagent  used  with  RNase  A.  Its 
commercial  availability  as  well  as  its  heterobifunctionality  made  it  a good  candidate  for 
cross-linking  the  RNase  A to  a functionalized  cofactor.  The  mechanism  of  reaction  of 
SPDP  with  RNase  A is  the  same  as  for  NHS-acetate  and  RNase  A.  SPDP  neutralized 
lysine  residues  upon  reaction,  as  did  NHS-acetate;  therefore,  the  separation  procedure 
used  for  the  NHS-acetate  could  be  optimized  with  the  SPDP/RNase  system. 

Optimization  of  the  reaction  conditions  for  conversion  of  RNase  A into  singly  modified 
RNase  A without  over-modification  was  also  pursued. 

Optimization  conditions  were  complicated  by  an  unusually  impure  lot  of  RNase  A. 
In  the  RNase  A purification  section  previously  described,  unidentifiable  residual  peaks 
were  discovered  during  control  RNase  A elutions  on  the  Bio-Rex  70  column.  This 
control  study  was  performed  only  when  the  SPDP  modification  peaks  appeared  to  have 
unexplained  contamination.  The  unidentified  residual  peaks  were  co-eluting  with  the 
SPDP-modified  RNase  A fractions  from  the  Bio-Rex  70  column  altering  the  elution 
chromatogram.  One  example  of  a chromatogram  where  the  residual  peaks  were 
present  along  with  the  SPDP-modified  RNase  peaks  is  shown  in  Figure  2-14.  An 
example  of  the  SPDP-modified  RNase  A elution  chromatogram  with  the  residual  peaks 
removed  is  shown  in  Figure  2-15. 

Another  complication  arose  with  the  analysis  of  these  SPDP-modified  RNase  A 
fractions  by  mass  spectrometry.  Upon  modification  with  one  SPDP  group,  the  mass 
change  to  the  RNase  A was  an  increase  of  197.28  Da.  At  the  [M  + 8H]8+  state  the  m/z 
change  is  equal  to  24.66.  Typically  seen  in  the  mass  spectrum  of  native  RNase  A are 
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Figure  2-14.  Bio-Rex  70  chromatogram  of  RNase  A that  had  been  purified  by  method  1 
followed  by  modification  with  SPDP.  Column  was  eluted  with  an  increasing  exponential 
gradient  of  ammonium  phosphate,  10  mM  to  160  mM,  at  pH  7.2  and  4°C.  Separation  of 
SPDP-modified  RNase  A fractions  was  poor  due  to  contamination  by  unidentified 
residual  peaks  as  in  Figure  2-7. 


Figure  2-15.  Bio-Rex  70  chromatogram  of  RNase  A that  had  been  purified  by  method  2 
followed  by  modification  with  SPDP.  Column  was  eluted  with  an  increasing  exponential 
gradient  of  ammonium  phosphate,  10  mM  to  160  mM,  at  pH  7.2  and  4°C.  Resolution  of 
SPDP-modified  RNase  A fractions  was  improved  due  to  previous  removal  of  unidentified 
residual  peaks  as  in  Figure  2-8.  SPDP  modification  to  lysine  residues  results  in 
neutralization  of  positive  charge.  Decreasingly  modified  RNase  A elutes  with  increasing 
retention  time. 
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phosphate  groups  noncovalently  bound  to  the  protein  phosphate  binding  sites 
(discussed  previously).  One  phosphate  group  addition  results  in  an  increasing  mass 
change  of  97.99  Da  (m/z  change  = 12.24  at  the  [M  + 8H]8+  state),  roughly  half  of  one 
SPDP  modification  (Figure  2-16).  The  result  was  difficulty  in  identifying  peaks  as 
modified  with  one  SPDP  or  containing  two  phosphate  adducts.  The  difference  in  m/z  for 
RNase  A modified  with  one  SPDP  group  and  RNase  A with  two  phosphate  adducts  was 
0.18.  The  difference  was  enough  to  determine  the  identity  of  each  peak  with  high 
resolution  ESI-FTICR-MS,  but  was  small  enough  to  warrant  the  choice  of  another 
modification  reagent  giving  a mass  change  that  would  demonstrate  modification  by  the 
reagent  unequivocally,  and  with  no  confusion  regarding  phosphate  adducts. 

Modification  with  SMPT 

The  modification  reagent  SMPT  was  chosen  as  the  next  reagent  with  which  to 
modify  RNase  A.  SMPT  is  commercially  available,  as  is  SPDP,  and  contains  the  same 
heterobifunctionality,  introducing  the  possibility  of  further  cross-linking  to  another 
functional  molecule  later.  SMPT  also  satisfied  the  requirements  of  appropriate  mass 
change  to  facilitate  ESI-MS  analysis,  reactivity  similar  to  that  of  NHS-acetate  and  SPDP 
and  neutralization  of  lysine  residues  upon  modification.  The  separation  procedure 
optimized  for  SPDP  was  applied  to  the  SMPT-modified  RNase  A. 

RNase  A was  modified  with  SMPT  and  examined  by  ESI/FTICR-MS.  These 
preliminary  data  of  the  unseparated  derivatized  protein  showed  series  of  multiply 
protonated  [M+zH]**  molecular  ions.  The  mass  change  to  RNase  A for  one  SMPT  is  an 
increase  of  273.34  Da.  Native  and  multiply  SMPT-modified  RNase  A ions  were 
identified  (Figure  2-17),  as  well  as  phosphate  adducts  to  the  SMPT-modified  RNase  A 
(123,125)  as  normally  seen  in  the  native  ESI-MS. 
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Liquid  chromatography  was  used  to  separate  SMPT-modified  RNase  A that  had 
been  modified  with  different  numbers  of  SMPT.  The  first  separation  of  the  modification 
reaction  solution  was  performed  by  cationic  exchange  chromatography  using  the 
aforementioned  Bio-Rex  70  resin.  As  with  NHS-acetate  and  SPDP,  the  positively 
charged  lysine  residues  are  neutralized  upon  modification  with  SMPT.  Elution  on  the 
Bio-Rex  column  resulted  in  separation  of  protein  modified  at  different  locations  with 
different  numbers  of  SMPT  as  well  as  separation  from  any  unmodified  RNase  A.  A 
typical  Bio-Rex  70  separation  of  SMPT-modified  RNase  A as  a result  of  optimized 
reaction  and  separation  conditions  is  shown  in  Figure  2-18. 

Highly  purified  RNase  A was  mostly  singly  modified  with  few  multiple 
modifications  at  a molar  ratio  of  1 :1  to  2:1  SMPT  to  RNase  A.  Higher  concentrations  of 
SMPT  were  needed  with  less  highly  purified  RNase  A (where  the  Sephadex  G-50 
column  step  was  not  used).  It  was  also  found  that  a molar  concentration  that  was  too 
high  (e.g.  10:1  SMPT  to  RNase  A)  would  over-modify  highly  purified  RNase  A,  resulting 
in  rapid  elution  of  the  entire  sample  from  the  Bio-Rex  70  column  with  little  or  no 
separation  (data  not  shown). 

Separated  peaks  were  obtained  using  Bio-Rex  70  chromatography  when  the 
reaction  buffer  was  at  pH  8.0,  as  shown  in  Figure  2-18.  With  the  goal  of  isolating 
increasing  quantities  of  singly  modified  RNase  A at  a known  site,  a modification  reaction 
at  pH  7.0  was  attempted  to  direct  modification  to  the  a-amino  terminus  group.  The  pKa 
of  the  a-amino  terminus  group  has  been  reported  as  6.6,  whereas  the  pKa  of  the  e- 
amino  group  for  lysine-41  has  been  reported  as  8.6;  pKa’s  of  the  other  lysine  e-amino 
groups  range  from  10.6  to  11.2  (113).  Lowering  the  pH  of  the  reaction  buffer  would 
theoretically  increase  the  probability  of  modification  at  a-lys-1 . With  a pH  = 7.0  reaction, 
fewer  resolved  peaks  were  seen  on  the  Bio-Rex  70  column  using  the  same  elution 
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method  (Figure  2-19).  Therefore,  the  buffer  EPPS  at  pH  8.0  was  considered  optimum 
for  the  modification  reaction. 

The  extent  of  homogeneity  and  number  of  SMPT  modifications  for  each  Bio-Rex 
70  peak  in  Figure  2-18  was  examined  by  C-18  HPLC/ESI/QIT-MS.  These  results 
enabled  semi-quantitative  determination  of  the  number  of  SMPT  modifications  in  a given 
Bio-Rex  70  peak.  HPLC/ESI/QIT-MS  data  for  extent  of  homogeneity  and  number  of 
SMPT  modifications  was  acquired  by  selection  of  masses  that  correspond  to  ions  of 
interest  at  expected  charge  states.  The  relative  abundances  of  those  mass  selected 
ions  were  plotted  individually  against  their  elutions  over  time,  resulting  in  the  elution 
pattern  for  only  the  mass  selected  ion. 

Separation  on  a C-18  HPLC  column  online  with  ESI-MS  of  peaks  A-E,  shown  in 
Figure  2-17,  indicated  that  proteins  with  various  numbers  of  SMPT  modifications  were  in 
each  Bio-Rex  70  peak.  One  example  of  the  HPLC/ESI/QIT-MS  data  (peak  D,  Figure  2- 
18)  is  shown  in  Figure  2-20.  M/z  ratios  corresponding  to  ions  of  interest  were  selected 
and  plotted  individually  with  respect  to  elution  time  (termed  mass  selection 
chromatogram).  The  percentages  of  RNase  A modified  with  different  numbers  of  SMPT 
groups  in  a given  peak  were  based  on  the  relative  abundances  of  certain  ions  under 
these  ESI  conditions.  The  detection  sensitivities  of  the  ions  were  assumed  to  be  equal. 
The  percentages  of  RNase  A modified  singly,  doubly,  etc.,  in  each  peak  are  summarized 
in  Table  2-1.  As  expected,  percentages  of  decreasingly  modified  RNase  A increased 
with  elution  time,  showing  peak  D (Figure  2-18)  as  having  the  highest  percentage  of 
singly  modified  RNase  A.  Peak  E (Figure  2-18)  was  almost  100%  unmodified  RNase  A. 
The  change  in  number  of  modifications  by  SMPT  seen  in  each  Bio-Rex  70  fraction 
demonstrates  the  heterogeneity  of  each  peak.  The  various  peaks  seen  for  each  number 
of  SMPT  modifications  (Figure  2-20)  indicate  lack  of  selectivity  of  SMPT  with  respect  to 
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1.0  E 


Figure  2-18.  Bio-Rex  70  chromatogram  of  RNase  A modified  with  SMPT.  Column  was 
eluted  with  an  increasing  exponential  gradient  of  ammonium  phosphate,  10  mM  to  160 
mM,  at  pH  7.2  and  4°C.  SMPT  addition  to  lysine  residues  results  in  neutralization  of 
positive  charge.  Decreasingly  modified  RNase  A elutes  with  increasing  retention  time 
(peaks  A - D).  Peak  A has  the  highest  relative  abundance  of  multiply  modified  RNase 
A.  Peak  D has  the  highest  relative  abundance  of  singly  modified  RNase  A (see  Table  2- 
1).  Unmodified  RNase  A (peak  E)  elutes  last  as  the  most  highly  charged  species. 


Figure  2-19.  Bio-Rex  70  chromatogram  of  RNase  A that  had  been  modified  with  SMPT 
in  a reaction  solution  at  pH  7.0.  Fewer  resolved  peaks  were  seen  on  the  Bio-Rex  70 
column  using  the  same  elution  method  as  used  for  RNase  A modified  with  SMPT  at  pH 
8.0  (Figure  2-18). 


Relative  Abundance 
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Figure  2-20.  HPLC/ESI/Q IT-mass  chromatogram  of  SMPT-modified  RNase  A,  fraction 
D (Figure  2-18).  Mass  selection  for  singly  (top),  doubly  (middle)  and  triply  (bottom) 
modified  RNase  A is  shown  to  the  right.  The  various  peaks  seen  for  each  number  of 
SMPT  modifications  indicate  lack  of  selectivity  of  SMPT  with  respect  to  location  of 
modification. 
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location  of  modification.  For  example,  in  Figure  2-20,  chromatogram  2,  the  separation  of 
doubly  modified  RNase  A into  many  peaks  indicates  the  SMPT  modifications  are  at 
several  different  lysine  residues.  On  the  other  hand,  the  singly  modified  appear  to 
predominate  in  2 peaks  eluting  at  t « 30  minutes  from  peak  D (Figure  2-18). 


Table  2-1.  Relative  abundances  (%)  of  RNase  A modified  to 
various  degrees  in  Bio-Rex  70  peaks3 


Peak 

0 SMPT 

1 SMPT 

2 SMPT 

3 SMPT 

4 SMPT 

A 

0.0 

0.0 

53.1 

42.4 

4.5 

B 

0.2 

4.6 

75.8 

17.9 

1.5 

C 

1.1 

67.9 

27.3 

4.2 

0.4 

D 

1.2 

82.9 

13.6 

2.0 

0.4 

E 

99.0 

1.0 

0.0 

0.0 

0.0 

3 Corresponds  to  peaks  A-E  in  Figure  2-18. 


To  illustrate  the  possibility  of  obtaining  protein  that  has  been  singly  modified  at  a 
single,  specific  site  for  bioconjugation  purposes,  offline  HPLC  was  added  as  a second 
dimension  of  separation  after  Bio-Rex  70.  Offline  HPLC  peaks  with  retention  times 
consistent  with  singly  modified  RNase  A (Figure  2-21,  peaks  1 and  2)  were  collected  and 
examined  by  ESI/FTICR-MS.  ESI/FTICR-MS  of  the  sample  indicated  that  there  was 
only  singly  modified  RNase  A present  with  and  without  phosphate  adducts  (Figure  2-22). 
Such  an  example  demonstrates  the  possibility  of  isolating  singly  modified  protein  for 
further  bioconjugation.  It  does  not,  however,  indicate  that  the  singly  modified  sample  is 
truly  homogeneous.  Mapping  of  the  derivatized  protein  through  proteolytic  digestion  and 
subsequent  analysis  must  be  used  to  demonstrate  homogeneity. 
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Analysis:  Channel  A 

Peak  No.  Time  Height(yV)  Area(gV-sec)  Area% 

1 30.083  65694  739297  23.846 

2 30.655  92981  1776533  57.303 


Figure  2-21.  Offline  HPLC  chromatogram  with  UV-vis  detection  at  229  nm  of  SMPT- 
modified  RNase  A.  Peaks  shown  correspond  to  retention  time  that  had  previously  been 
determined  to  contain  singly  modified  RNase  A.  Peaks  1 and  2 were  collected  for 
further  examination.  Both  contain  singly  SMPT-modified  RNase  A. 


Conclusion 

RNase  A was  chosen  for  chemical  modification  for  the  purpose  of  developing  a 
semi-synthetic  enzyme.  Chemical  modification  of  RNase  A followed  by  separation  of 
reaction  products  was  the  method  through  which  the  bioconjugated  system  would 
ultimately  be  attained. 

Original  selection  of  the  reagent  with  which  to  modify  RNase  A was  based  on  its 
availability  and  the  functionality  it  would  impart  to  the  protein  upon  modification.  Traufs 
reagent  is  commercially  available,  and  its  reaction  with  RNase  A resulted  in  terminal  thiol 
additions  to  the  lysine  residues.  However,  its  over-modification  of  RNase  A was 
demonstrated  by  ESI-MS.  The  inability  to  separate  the  reaction  products  by  available 
chromatographic  methods  made  Traufs  reagent  an  inappropriate  choice  for  use  in 
development  of  the  bioconjugated  system. 
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NHS-acetate  was  then  used  to  modify  RNase  A as  a control.  While  the  product 
contained  no  functionality  for  subsequent  functionalization,  it  was  useful  for  development 
of  separation  conditions  and  examination  of  reactivity  with  the  NHS-group.  The  success 
of  the  RNase  A/NHS-acetate  reaction  system  and  separation  of  products  resulted  in  the 
use  of  a new  reagent,  SPDP.  SPDP  possesses  the  same  chemical  reactivity  with 
RNase  A as  NHS-acetate,  but  also  containes  important  functionality.  SPDP  contains  an 
internal  disulfide  that  could  later  be  exchanged  with  a thiol  to  further  derivatize  RNase  A. 
However,  SPDP  modification  was  not  easily  identified  by  ESI-MS  due  to  the  mass 
change  of  RNase  A once  modified. 

SMPT  was  then  selected  as  the  modification  reagent  to  be  used  for  the 
development  of  a potential  bioconjugate.  Analysis  of  the  SMPT-modified  RNase  A was 
shown  by  ESI-MS  to  possess  multiply  modified  RNase  A.  The  reaction  products  could 
also  be  separated  into  fractions  that  contained  singly  modified  protein  by  the  procedure 
developed  for  acetate-modified  RNase  A.  Mapping  of  the  modifications  at  RNase  A 
residues  is  the  subject  of  the  next  two  chapters. 

Demonstrated  above  has  been  the  utility  of  mass  spectrometry  for  determination 
of  the  exact  numbers  of  modifications  to  the  protein.  The  evaluation  of  each  modification 
reagent  system  was  accomplished  without  any  proteolytic  digestion,  and  the  methods 
illustrated  for  modification,  separation  and  analysis  are  applicable  to  many  chemical 
modification  systems. 


CHAPTER  3 

THE  MAPPING  OF  SMPT-MODIFIED  RNASE  A I: 

PROTEOLYTIC  DIGESTION  WITH  TRYPSIN  AND  ESI/FTICR-MS  ANALYSIS 

Introduction 

Proteolytic  Digestion  with  Trypsin 

Characterization  of  proteins  has  frequently  been  accomplished  by  cleavage  of 
the  peptide  chain  with  proteolytic  enzymes  followed  by  analysis  of  the  resulting  peptide 
segments.  Specificity  of  the  proteolytic  enzyme  is  important  for  cleavage  of  the 
substrate  protein  at  desired  cleavage  sites.  A review  of  useful  enzymes  for  digestion 
purposes  was  presented  by  Wilkinson  (142). 

The  serine  protease  trypsin  is  probably  the  most  commonly  used  protease  today. 
Trypsin  cleaves  at  the  C-terminal  side  of  lysine  and  arginine  residues  based  on 
recognition  of  those  positively  charged  residues  in  the  substrate-binding  domain  of 
trypsin.  Bonds  of  type  Lys-X  and  Arg-X  are  susceptible  to  cleavage.  When  X is  proline, 
however,  the  peptide  bond  is  resistant  to  cleavage.  It  has  been  reported  that  acidic  or 
basic  groups  on  the  C-terminal  side  of  lysine  or  arginine  may  reduce  the  rate  of  cleavage 
at  that  peptide  bond  (142).  Non-specific  cleavage  of  protein  substrate  may  be  the  result 
of  contamination  of  trypsin  with  a small  amount  of  chymotrypsin.  Chymotrypsin  is  a 
member  of  the  serine  protease  family  along  with  trypsin.  Both  enzymes  hydrolytically 
cleave  peptide  bonds  by  their  characteristic  catalytic  triad;  His-57  stabilized  by  Asp-102 
abstracts  a proton  from  Ser-195.  The  difference  between  trypsin  and  chymotrypsin  is 
found  in  their  binding  domains.  Trypsin  has  an  aspartate  residue  at  the  bottom  of  the 
binding  pocket  for  interaction  with  positively  charged  residues.  Chymotrypsin  has  a 
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hydrophobic  binding  pocket  for  interaction  with  aromatic  residue  side  chains.  Trace 
chymotryptic  activity  in  trypsin  is  eliminated  by  treatment  of  trypsin  with  L-(1-tosylamido- 
2-phenyl)ethylchloromethyl  ketone  (TPCK)  that  bears  a hydrophobic  group  and  results  in 
irreversible  inhibition  of  chymotrypsin  (143). 

Trypsin  was  selected  for  digestion  of  RNase  A and  SMPT-modified  RNase  A.  It 
was  expected  that  incomplete  digestion  of  RNase  A would  occur  and  that  combinations 
of  internal  peptide  segments  (fragments)  would  result  as  well  as  individual  peptide 
segments.  The  primary  structure  of  RNase  A is  shown  in  Figure  3-1  with  the  sites  of 
cleavage  by  trypsin  and  the  corresponding  peptide  segments.  Digestion  of  native  and 
SMPT-modified  RNase  A by  trypsin  was  used  to  determine  sites  of  modification  by 
ESI/FTICR-MS.  One  goal  of  the  present  study  was  to  examine  the  selectivity  of 
modifications  by  SMPT  as  compared  to  others  such  as  acetic  and  succinic  anhydride 
(144). 

Analysis  of  Digestion  Products  by  ESI/FTICR-MS 

Mass  spectrometry  was  used  to  determine  the  sites  of  SMPT-modification  by 
comparison  of  RNase  A native  peptide  segment  masses  to  SMPT-modified  peptide 
segment  masses.  The  mass  analysis  and  detection  was  performed  by  Fourier  transform 
ion  cyclotron  resonance  (FTICR)  mass  spectrometry.  This  technique  enables  detection 
of  all  ions  for  the  ESI  source  simultaneously  rather  than  by  scanning  the  mass  ranges  as 
in  ion  trap  ejection;  in  addition,  the  FTICR  method  omitted  the  step  of  HPLC  separation 
of  the  digestion  products  prior  to  analysis  in  this  work. 

Ions  formed  in  the  electrospray  source  are  directed  to  the  analysis  and  detection 
cell  by  decreasing  pressure  and  hexapole  ion  guides.  The  ions  become  trapped  inside 
the  cell  by  a potential  applied  to  two  plates  on  either  end  of  the  cell.  Many  different  ICR 
cells  have  been  reported  (145).  A generalized  illustration  of  a cubic  FTICR  cell  is  shown 
in  Figure  3-2. 
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Figure  3-1 . Amino  acid  sequence  of  RNase  A.  Sites  of  cleavage  by  trypsin  are  shown. 
Peptide  segments  (PS)  that  result  from  complete  cleavage  are  assigned.  Incomplete 
cleavage  of  RNase  A by  trypsin  can  result  in  a combination  of  linked  internal  peptide 
segments,  called  fragments. 


A magnetic  field,  B,  applied  to  the  cell  deflects  an  ion  of  charge,  q,  mass,  m,  and 
velocity,  v,  into  a circular  path  that  is  perpendicular  to  the  magnetic  field  and  is  shown  by 


eq  3-1. 


co  = q B/m 


(3-1) 
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Figure  3-2.  General  view  of  an  ion  cyclotron  resonance  (ICR)  cell.  B represents  the 
uniform  magnetic  field  that  is  applied  to  the  cell.  A potential  is  applied  to  the  trapping 
plates  to  hold  the  ions  in  the  cell.  The  ions  are  deflected  by  the  magnetic  field  into  a 
circular  path  in  the  xy  plane  that  is  parallel  to  the  magnetic  field.  An  electronic  field  is 
applied  across  the  transmitter  plates  that  oscillates  at  an  angular  frequency  equal  or 
nearly  equal  to  that  of  the  ions  of  a certain  q/m,  causing  them  to  cycle  to  a larger  orbital 
radius  while  q/m  is  unchanged.  The  cycling  ions  induce  a charge  on  the  receiver  or 
detector  plates.  The  rotating  charge  produces  an  image  current  that  is  Fourier 
transformed  into  discrete  signals  equal  to  m/q  or  m/z. 


Thus,  the  angular  frequency,  co,  is  directly  proportional  to  the  charge-to-mass  ratio  of  an 
ion  and  is  independent  of  radius,  r and  velocity  in  the  xy  plane,  Vxy.  The  orbital  radius  of 
the  ion  is  related  to  the  mass-to-charge  ration  by  eq  3-2, 

r = m Vxy/  q B (3-2) 
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where  Vxy  is  directly  proportional  to  the  cyclotron  radius.  Application  of  a spatially 
uniform  electronic  field  oscillating  at  or  near  the  cyclotron  frequency  of  ions  of  a 
particular  mass-to-charge  ratio,  m/q  (more  commonly  designated  m/z),  results  in  the 
acceleration  of  ions  coherently  to  a larger  orbital  radius,  while  oo  remains  unchanged. 
Once  the  orbital  radius  of  the  ions  is  large  enough  to  be  detected,  an  alternating  charge 
is  induced  on  the  detector  plates  of  the  cell  as  the  ions  move  in  their  cyclotron  orbits. 

The  alternating  charge  on  the  plates  forms  an  image  current  induced  by  the  ions  of  q/m 
that  is  separated  by  Fourier  transformation  into  the  sinusoidal  waves  that  sum  to  give  the 
nonsinusoidal  image  current  (146).  The  sinusoidal  components  are  then  displayed  as 
separate  signals  equal  to  the  m/q  ratios  of  the  ions  (145,147,148). 

Marshall  et  al.  (145)  demonstrated  that  intensity  of  the  ICR  signal  is  proportional 
to  the  induced  current  on  the  detector  plates  and  is  independent  of  magnetic  field 
strength.  Intensity  increases  linearly  with  both  ion  cyclotron  radius  and  ion  charge  but  is 
independent  of  mass.  Therefore,  all  ion  intensities  must  be  normalized  according  to 
their  charges.  Because  ESI  is  a competitive  process,  fragmentation  during  ion  transport 
is  assumed  to  be  constant  across  the  spectrum  of  ESI  ions  observed. 

Analysis  of  proteolytically  digested  RNase  A and  SMPT-modified  RNase  A by 
ESI/FTICR-MS  allows  for  rapid  and  highly  sensitive  detection  of  peptide  sequences  and 
fragments.  Comparison  of  the  ESI/FTICR-MS  spectra  enables  site  of  SMPT- 
modification  to  be  determined.  Factors  that  affect  intensity  of  ions  in  the  FTICR  cell 
make  quantitative  analysis  of  the  selectivity  of  lysine  residues  for  SMPT  modification 
challenging.  Discussed  below  are  the  issues  involved  in  relating  concentration  of  a 
peptide  to  the  signal  intensity  and  relative  ion  abundance  in  the  gas  phase  and 
extrapolation  of  the  concentration  to  the  solution-phase  precursor. 
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Experimental  Procedures 

General  Reagents 

All  reagents  were  reagent  grade  unless  otherwise  specified.  All  buffers  were 
purchased  from  Sigma  (St.  Louis,  MO).  Water  was  purified  by  a Sybron/Bamsted 
Module  Deionization  System. 

Trypsin  Proteolytic  Digest 

All  reagents  were  purchased  from  Sigma  unless  otherwise  specified.  The 
modified  RNase  A was  dissolved  in  1 mL  of  0.1  M NH4HC03at  pH  8.0,  and  guanidine 
hydrochloride  was  added  to  a final  concentration  of  6 M.  A 100:1  molar  excess  of 
dithiothreitol  (DTT)  (Acros)  to  protein  was  then  added,  and  the  solution  was  incubated  at 
57°C  for  1 hour.  After  cooling  to  room  temperature,  4-vinyl  pyridine  was  added  in  a 2.2:1 
molar  excess  of  4-vinyl  pyridine  to  DTT.  The  solution  was  then  incubated  at  room 
temperature  for  30  minutes.  Acetic  acid  was  added  until  pH  <3,  which  stopped  the 
alkylation.  The  solution  was  the  dialyzed  exhaustively  against  0.1%  trifluoroacetic  acid 
(Fisher)  followed  by  lyophilization. 

The  denatured  protein  solution  was  reconstituted  in  1 mL  of  0.1  M NH4HCO3,  pH 
8.0.  Trypsin  stock  solution  was  prepared  in  0.1  M NH4HCO3  buffer  that  had  been 
acidified  to  pH<  3 with  3 N HCI.  Five  mg  of  trypsin  was  dissolved  in  1 mL  of  the  acidic 
buffer.  A 100:1  molar  ratio  of  RNase  A to  trypsin  was  used  by  adding  an  aliquot  of 
trypsin  stock  solution  to  the  denatured  RNase  A solution.  The  reaction  mixture  was 
allowed  to  incubate  at  37°C  for  24  hours.  The  digestion  was  stopped  by  lyophilization. 
The  digested  protein  was  reconstituted  in  isopropanol  or  49%  methanol  / 49%  H2O  / 2% 
acetic  acid  for  examination  by  ESI/FTICR-MS. 

Electrosprav  Fourier  Transform  Ion  Cyclotron  Resonance  Mass  Spectrometer 

ESI/FTICR-MS  data  were  collected  by  G.  H.  Lisa  Lang  and  Linda  S.  Nichols.  All 
ESI/FTICR  mass  spectrometric  experiments  were  performed  with  a Bruker  BioAPEX 
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external  source  shielded  4.7-Tesla  FT-ICR  mass  spectrometer  (Bruker  Analytical 
Systems,  Inc.,  Billerica,  MA)  equipped  with  a Bruker  Xmass  4.0.3  data  system.  A 
detailed  description  of  the  instrument  can  be  found  elsewhere  (149,150).  The 
electrospray  source  was  a modified  Analytica  electrospray  source  (Analytica  of  Branford, 
Branford,  CT).  The  stainless  steel  desolvation  capillary  was  held  at  ground  potential  and 
120°C.  The  FTICR  cell  pressure  was  1 x 10'9  torr.  The  samples  were  sprayed  at  a rate 
of  1 pl/min.  The  electrospray  needle  (2950  V)  was  located  at  a distance  ca.  1 cm  from 
the  capillary.  The  capillary  and  skimmer  voltage  were  adjusted  to  values  which 
maximized  the  signal  intensities  for  the  ions  of  interest,  and  typical  values  were  100  and 
10  volts  for  the  capillary  and  skimmer,  respectively. 

Calculations  for  ESI/FTICR-MS  Tryptic  Digest 

Absolute  intensities  of  ions  were  generated  by  using  the  program  Xmass  4.0.3. 
Calculations  were  done  using  ion  abundances  that  had  been  normalized  by  dividing  the 
intensities  by  the  charge  of  the  ions  (l/z)  (145).  The  percentage  of  observed  ions  in  the 
ESI/FTICR-MS  spectra  of  a tryptic  digest  sample  (native  or  modified  RNase  A)  that 
could  be  assigned  was  calculated  by  summing  all  assigned  charge-normalized  ion 
abundances  and  dividing  by  the  total  sum  of  all  normalized  ion  abundances,  assigned 
and  unassigned  (eq  3-3).  In  eq  3-3, 1 = intensity  of  an  ion  peak,  z = charge  state  of  ion,  / 
= 1 to  N,  N = total  number  of  assigned  peaks,  j = 1 to  M,  and  M = total  number  of  peaks, 
assigned  and  unassigned. 


x 100  = % peaks  assigned 


J 


(3-3) 
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The  estimated  percent  contribution  of  each  peptide  segment  in  the  native  RNase 
A digest  was  calculated  according  to  eq  3-4,  where  I = intensity,  z = charge  state,  Pn  = 
peptide  segment  n,  resulting  from  complete  cleavage  by  trypsin,  n = indices  of  sequence 
peptide  (n  = 1,2,3  ...14,  see  Figure  3-1),  f = fragment  of  linked  peptide  segments 
resulting  from  complete  or  incomplete  cleavage  by  trypsin,  and  L = number  of  peptides 
linked  in  a fragment.  The  factor  L results  in  the  inclusion  of  the  moles  of  each  peptide 
segment  being  represented  in  the  total  mole  sum  for  the  spectrum,  which  is  correlated  to 
the  total  ion  abundance.  The  first  summation  in  the  numerator  of  eq  3-4  includes  every 
fragment  f that  contains  peptide  segment  n.  The  first  summation  in  the  denominator  of 
eq  3-4  includes  every  fragment  f that  is  assigned  in  the  spectrum,  including  fragments 
containing  peptide  segment  n.  The  summations  over  z sum  over  intensities  for  all 
charge  states  observed  for  fragment  f.  This  calculation  was  repeated  for  each  digested 
peptide  segment. 


cont  Pn  Anax 

? <m 

all  assign  Anax 


% peptide  n 

x 100  - jn  t0ta|  population 


(3-4) 


The  estimated  percentage  of  modification  at  a given  lysine  residue  was 
calculated  according  to  eq  3-5  where  the  definitions  of  all  variables  are  the  same  as  in 
eq  3-4  and  where  Pn*  = peptide  segment  n containing  a modification  on  its  lysine 
residue.  The  first  summations  in  the  numerator  and  denominator  over  Pn*  include  every 
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fragment  that  contains  modified  peptide  segment  n*.  The  summations  over  z and  over 
Pn  are  the  same  as  in  eq  3-4.  Eq  3-5  was  used  for  every  peptide  that  contains  a lysine 
residue. 

HPLC  Separation  of  Modified  RNase  A Offline 

Some  Bio-Rex  70  separated  SMPT  modified  RNase  A fractions  were  further 
separated  on  a Phenomenex  Jupiter  5 p C18  column  (Torrance,  CA)  (4.6  mm  i d.  x 250 
mm;  guard  column,  4.6  mm  i.d.  x 30  mm,  300  A pore).  Buffer  A consisted  of  1%  stock 
buffer  (below),  10%  acetonitrile  (HPLC  grade,  Fisher),  89%  H20  and  buffer  B was  1% 
stock  buffer,  75%  acetonitrile,  and  24%  H20.  The  stock  buffer  consisted  of  7.5% 
trifluoroacetic  acid  (Fisher),  50%  triethanolamine  (Fisher),  25%  acetonitrile  and  62.5% 
H20.  The  column  was  equilibrated  with  5%  buffer  B at  1 mL/min.  The  elution  was  as 
follows:  0 min  (A:B=95:5),  5 min  (A:B=95:5),  20  min  (A:B=70:30),  30  min  (A:B=65:35), 

40  min(A:B=25:75);  50  min  (A:B=95:5).  The  various  forms  of  modified  RNase  A were 
detected  by  their  absorbance  at  229  nm.  The  peak  fractions  were  collected, 
concentrated,  lyophilized  and  reconstituted  in  49%  methanol  / 49%  H20  / 2%  acetic  acid 
for  mass  spectrometric  analysis. 


Results  and  Discussion 
Tryptic  Digestion  of  SMPT-modified  RNase  A 

Digestion  of  SMPT-modified  RNase  A with  the  specific  protease  trypsin  provides 
peptide  segments  and  fragments  that  can  be  examined  by  ESI/FTICR-MS.  Trypsin 
cleaves  peptide  bonds  at  the  C-side  of  lysine  and  arginine  residues  based  on  recognition 
of  those  positively  charged  residues  in  the  substrate-binding  domain  of  trypsin. 
Derivatization  of  a lysine  residue  by  SMPT  neutralizes  the  positive  charge  and  should 
eliminate  the  ability  of  trypsin  to  cleave  at  that  site;  this  hypothesis  has  been  supported 
by  experimental  data.  Experimental  data  also  indicates  that  SMPT-modification  at  a 
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given  lysine  residue  does  not  inhibit  cleavage  at  the  next  possible  site,  some  sites  as 
few  as  2 residues  away  from  the  SMPT  modification.  The  changes  in  peptide  masses 
and  digestion  pattern  between  native  and  SMPT-modified  RNase  A allow  for 
modification  site  identification  and  at  least  partial  quantification  of  the  propensity  of  those 
sites  to  be  modified. 

Tryptic  digests  were  performed  on  native  and  SMPT-modified  RNase  A.  The 
primary  sequence  of  RNase  A is  shown  in  Figure  3-1,  noting  the  usual  cleavage  sites  by 
trypsin  and  the  resulting  14  peptide  segment  (peptide  segment  refers  to  one  of  the  14 
peptides  that  results  from  complete  digestion  by  trypsin,  fragment  refers  to  oligopeptides 
resulting  from  complete  or  incomplete  digestion  by  trypsin  and  is  any  single  peptide 
segment  or  linked  peptide  segments  that  might  be  observed  by  MS).  Each  digested 
protein  sample  was  examined  by  ESI/FTICR-MS  (Figures  3-3(a)  and  3-3(b)). 
Experimental  data  indicated  the  incomplete  digestion  of  both  native  and  SMPT-modified 
RNase  A.  The  result  of  incomplete  digestion  by  trypsin  was  many  combinations  of 
internal  peptide  segments  (i.e.,  fragments).  An  example  of  this  incomplete  digestion  was 
the  identification  of  fragment  5-7  (residues  32-39),  which  was  seen  as  a linked  fragment 
and  as  cleaved  individual  peptide  segments  of  5,  6 and  7 in  the  observed  spectrum. 
Because  of  the  incomplete  digestion  of  native  and  modified  RNase  A,  all  possible 
combinations  of  peptide  segments  were  calculated  at  all  possible  charge  states  including 
possible  cationic  adducts  (H+,  Na\  K+,  NH4+)  to  aid  in  peak  identification  in  the 
ESI/FTICR-MS  spectra.  These  calculations  were  performed  using  the  program  FragESI 
written  by  David  Richardson  for  ESI/FTICR-MS  spectra  peak  identification  of  digested 
proteins.  Using  this  method  (eq  3-3),  approximately  75%  of  the  total  ion  charge- 
normalized  intensity  in  the  native  RNase  A and  65%  of  the  ion  the  total  ion  charge- 
normalized  intensity  in  the  SMPT-modified  RNase  A were  assigned  as  known  peptide 
segments  or  fragments.  Ion  peak  assignments  for  native  and  SMPT-modified  RNase  A 
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Figure  3-3.  ESI/FTICR-MS  spectra  of  tryptic  digests  of  a)  native 
RNase  A and  b)  SMPT-modified  RNase  A.  Labeled  in  both  are 
assignments  of  ions  as  peptide  segments  (PS)  or  as  fragments  (frag) 
at  a certain  charge  state,  [M  + zH]z+.  Fragments  in  b)  that  have  an 
SMPT  modification  are  denoted  with  *. 
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are  listed  in  Tables  3-1  and  3-2,  respectively.  The  mass  change  for  one  SMPT 
modification  including  alkylation  by  4-vinyl  pyridine  is  268.28  Da.  Spectra  for  the 
fragment  containing  unmodified  and  modified  lysine  37  are  shown  in  Figures  3-4(a)  and 
3-4(b). 


Table  3-1: 

ESI/FTICR-MS  signals  (m/z)  detected  from  peptides  arising  from  the  tryptic  digestion  of 
native  RNase  A 


Peptide  or  Fragment 

Sequence 

m/z 

Number 

Residues 

[M  + Hf 

[M  + 2H]'+  [M  + 3HT 

[M  + 4H]4+ 

1 

1 

K 

2 

2-7 

ETAAAK 

590.2 

3 

8-10 

FER 

451.1 

4 

11-31 

QHMDSSTSAASSSNYCNQMMK 

489.1  -s 

809.1  -s 

5 

32-33 

SR 

301.1  -s 

6 

34-37 

NLTK 

475.3 

7 

38-39 

DR 

290.1 

8 

40-61 

CKPVNTFVHESLADVQAVCSQK 

1336.5 -s  872.4  -s 

668.8  - s 

9 

62-66 

NVACK 

638.9 

10 

67-85 

NGQTNCYQSYSTMSITDCR 

1190.8  794.4 

11 

86-91 

ETGSSK 

608.3 

12 

92-98 

YPNCAYK 

963.9 

13 

99-104 

TTQANK 

662.3 

14 

105-124 

HIIVACEGNPYVPVHFDASV 

1136.4  757.9 

1-2 

1-7 

718.4 

5-6 

32-37 

718.4 

5-7 

32-39 

329.7 

11-13 

86-104 

1096.8  756.3 -s 

4-5 

11-33 

1336.5 -s  891 .4 -s 

9-10 

62-85 

1501.1  1008.1  -s 

8-9 

40-66 

1086.3 -s 

11-14 

86-124 

1491.1  -s 

1 1 18.6  - s 

5-8 

32-61 

1204.1  -s 

3-4 

8-31 

1441 .6 -s  962.1  -s 

721.6 -s 

11-12 

86-98 

776.5 

7-8 

38-61 

961.7 -S 

1-7 

1-39 

1513.8 -s 

s indicates  salts  that  are  seen  as  adducts  to  the  peptide  segment  and  are  subtracted 
from  the  m/z  listed  to  give  the  m/z  of  the  peptide  segment  ion. 
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Table  3-2:  ESI/FTICR-MS  signals  (m/z)  detected  from  peptides  arising  from  the  tryptic 
digestion  of  SMPT-modified  RNase  A. 


Peptide  or  Fragment 

m/z 

Number 

Residues 

Sequence 

[M  + Hf 

[M  + 2H]"+ 

[M  + 3HT 

[M  + 4H]4+ 

1 

1 

K 

2 

2-7 

ETAAAK 

590.1 

3 

8-10 

FER 

451.2 

4 

11-31 

QHMDSSTSAASSSNYCNQMMK 

809.9  - s 

5 

32-33 

SR 

262.1 

6 

34-37 

NLTK 

475.1 

7 

38-39 

DR 

290.1 

8 

40-61 

CKPVNTFVHESLADVQAVCSQK 

871 .3 -s 

653.8  - s 

9 

62-66 

NVACK 

639.1 

10 

67-85 

NGQTNCYQSYSTMSITDCR 

1190.4 

794.3 

596 

11 

86-91 

ETGSSK 

608.1 

323.3  - s 

12 

92-98 

YPNCAYK 

482.0 

13 

99-104 

TTQANK 

662.1 

330.1 

14 

105-124 

HIIVACEGNPYVPVHFDASV 

1135.7 

757.6 

568.1 

1-2* 

1-7 

K*ETAAAK 

986.9 

494.1 

1-2 

1-7 

KETAAAK 

718.1 

359.6 

5-6 

32-37 

SRNLTK 

718.1 

359.6 

11-13* 

86-104 

ETGSSK*YPNCAYK*TTQANK 

616.8 

4-5* 

11-33 

QHMDSSTSAASSSNYCNQMMK*SR 

731.7 

9-10* 

62-85 

NVACK*NGQTNCYQSYSTMSITDCR 

1090.7 

818.2 

9-10 

62-85 

NVACKNGQTNCYQSYSTMSITDCR 

1001.1 

3-4 

8-31 

FERQHMDSSTSAASSSNYCNQMMK 

1440.2 -s 

960.9  - s 

11-12 

86-98 

ETGSSKYPNCAYK 

776.4 

11-12* 

86-98 

ETGSSK‘YPNCAYK 

910.8 

5-7* 

32-39 

SRNLTK*DK 

629.6 

5-7 

32-39 

SRNLTKDK 

329.7 

6-7* 

34-39 

NLTK*DR 

1014.7 

508.1 

2-3 

2-10 

ETAAAKFER 

530.0  - s 

2-3* 

2-10 

ETAAAK*FER 

646.04 

12-13 

92-104 

YPNCAYKTT  QANK 

563.4  - s 

12-13* 

92-104 

YPNCAYK*TTQANK 

625.7 

1-3* 

1-10 

K*ETAAAK*FER 

710.0 

13-14* 

99-124 

TTQANK*HIIVACEGNPYVPVHFDASV 

1061.4 

s indicates  salts  that  are  seen  as  adducts  to  the  peptide  segment  and  are  subtracted 
from  the  m/z  listed  to  give  the  m/z  of  the  peptide  segment  ion. 

* indicates  modification  at  lysine  residue.  Peptide  segments  with  2 * indicate  that 
modification  is  at  one  or  the  other  lysine,  not  both. 
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(a) 


Figure  3-4.  RNase  A fragment  5-7  (residues  32-39)  resulting  from  tryptic  digest  in  a)  is 
unmodified  at  m/z  329.77-[M  + 3H]3+  and  in  b)  is  singly  modified  with  SMPT  at  m/z 
419.42-[M  + 3H]3+.  The  mass  difference  between  the  ions  in  a)  and  b)  is  equal  to  268, 
one  SMPT  modification  + ethyl  pyridine.  Ethyl  pyridine  is  added  during  denaturation  of 
the  protein  prior  to  digestion. 
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Quantification  of  the  absolute  abundances  of  ions  corresponding  to  modified 
peptides  was  attempted  in  order  to  determine  the  propensity  of  a given  residue  to  be 
modified.  It  has  been  shown  by  Marshall  et  al.  (145)  that  ICR  signal  increases  linearly 
with  ion  charge  but  is  independent  of  mass,  such  that  ICR  is  increasingly  sensitive  for 
multiply  charged  ions.  Therefore,  ion  intensities  were  normalized  by  dividing  by  their 
charge  states.  Summation  of  the  absolute  intensities  for  ions  of  interest  that  had  been 
normalized  according  to  their  charge  state  was  used  as  a method  for  the  correlation  of 
absolute  abundance  (peak  area)  of  an  ion  to  the  ion  concentration  (ion  population)  and 
thus,  SMPT  modification  on  that  peptide  segment  (145,151,152).  In  order  to  make  such 
a correlation,  assigned  ions  in  the  native  RNase  A tryptic  digest  were  normalized  and 
summed  to  verify  their  percent  in  the  overall  assigned  ion  population.  (See  eq  3-4  in 
experimental  section).  It  was  found  that  certain  assigned  ions  (corresponding  to  certain 
peptide  segments)  represented  different  percentages  of  the  total  assigned  ion 
population.  Considering  that  the  number  of  moles  of  each  peptide  peptide  segment  (1 , 

2,  3,  ...14)  is  the  same  in  the  sample,  the  different  percentages  of  ions  (corresponding  to 
certain  peptide  segments)  indicated  that  peptide  segments  were  being  detected  with 
varying  sensitivities  (Figure  3-5).  If  the  MS  method  were  non-discriminating,  each 
segment  would  have  a percent  abundance  of  1/14  x 100  (7.1%).  Conditions  that  occur 
in  the  electrospray  source,  either  in  the  solution  droplets  or  in  the  gas  phase,  may  give 
rise  to  interactions  that  result  in  variable  detection  of  peptide  segments.  Interactions  may 
include  neutralization  of  charge  by  charge  transfer  from  one  peptide  segment  or 
fragment  to  an  acceptor,  resulting  in  a decreased  overall  charge  of  some  ions  and 
possibly  neutralization,  which  leads  to  decreased  detection  of  a peptide  segment.  Such 
charge  reduction  is  favored  by  high  charge  repulsion  in  small,  multiply  charged  peptide 
segments  or  fragments.  Detection  sensitivity  may  also  be  related  to  the  chemical  nature 
of  the  residues  on  each  peptide  segment  (153-155).  These  factors  could  influence  the 
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Figure  3-5.  Percent  ion  abundance  of  each  peptide  segment  in  native  tryptic  digest 
(calculated  according  to  eq  3-3)  and  the  highest  possible  charge  state  of  the  peptide 
segment.  There  appears  to  be  no  equality  of  % ion  abundance  between  the  normalized 
ion  intensities  nor  is  there  correlation  between  % ion  abundance  of  a peptide  segment 
and  its  number  of  basic  residues. 


detection  sensitivity  of  a peptide  segment  ion  and  thus,  its  ion  population  in  the  protein 
digest  spectrum.  The  results  shown  in  Figure  3-5  also  indicated  no  clear  correlation 
between  the  number  of  basic  residues  in  a peptide  segment  and  its  sensitivity  to 
detection  as  has  been  previously  suggested  (156,157). 

Peptide  segment  8 (residues  40-61)  has  the  highest  number  of  basic  residues,  5, 
and  was  also  found  to  have  the  highest  percentage  of  ion  abundance  in  the  total 
assigned  ion  population.  The  basic  residues,  lysine,  arginine,  pyridylethylcysteine  and 
histidine  (ES  conditions)  provide  sites  for  positive  charge  on  the  ion.  The  increased 
number  of  basic  residues,  as  in  peptide  segment  8,  may  increase  the  propensity  of  the 
ion  to  maintain  positive  charge  and  be  detected.  Therefore,  it  is  presumed  that  the 
peptide  segments  with  lower  ion  intensities  have  decreased  percentage  of  the  total 
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assigned  ion  abundance  because  they  are  either  part  of  the  unassigned  ion  population 
or  were  chemically  neutralized  in  the  source. 

The  lack  of  an  unbiased  distribution  for  assigned  ions  in  the  native  RNase  A 
sample  illustrates  the  care  that  should  be  taken  when  extracting  quantitative  data  from 
gas-phase  ion  populations  and  using  them  to  deduce  the  composition  of  the  solution 
phase. 

The  propensity  of  each  lysine  residue  to  be  modified  by  SMPT  was  calculated 
based  on  the  information  presented  above.  Ion  abundances  used  to  identify  sites  of 
modification,  or  lack  thereof,  were  compared  to  their  unmodified  counterparts  in  the 
native  digest  spectrum  (see  eq  3-5  in  experimental  section).  Such  ion  abundances  were 
used  in  calculations  if  intensities  were  similar  in  both  unmodified  and  unmodified  spectra. 
As  an  example,  peptide  segment  8 contains  lysine  41  and  was  found  to  be  detected  with 
greater  intensity  in  the  native  digest  spectrum  than  other  peptide  segments.  It  was 
concluded  that  SMPT  modification  does  not  occur  significantly  at  lysine  41  because 
unmodified  peptide  segment  8 was  found  to  be  highly  sensitive  to  detection  in  the 
SMPT-modified  digest  spectrum,  yet  no  modified  fragment  with  peptide  segment  8 was 
found.  If  there  was  little  detection  of  unmodified  peptide  segment  8 in  the  SMPT- 
modified  digest  spectrum,  it  could  not  be  concluded  that  modification  had  not  occurred  at 
lysine  41  because  the  SMPT-modified  peptide  segment  8 may  have  been  neutralized  as 
described  above.  This  exercise  of  comparison  of  sensitivities  in  the  native  and  modified 
digest  spectra  was  performed  for  each  assigned  peptide  segment.  The  percent  of  a 
given  assigned  ion  (corresponding  to  a modified  peptide  segment)  in  the  total  population 
of  assigned  ions  containing  that  same  peptide  segment  (modified  and  unmodified)  was 
calculated.  The  results  are  shown  in  Table  3-3. 
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Table  3-3.  Percentage  of  SMPT- 
modification  at  lysine  residues  a 


Lysine 

< 1% 

1-10% 

10-50% 

1 

X 

7 

X 

31 

X 

37 

X 

41 

X 

61 

X 

66 

X 

91 

X 

98 

X 

104 

X 

a In  the  digested  modified  RNase  A,  x % 
of  lysine  listed  has  been  shown  to  be 
modified  with  SMPT. 


Apparent  selectivity  of  SMPT  for  lysine  residues  differed  from  the  acetic  and 
succinic  anhydride  modifications  reported  in  the  literature  (144,158-160).  Glocker  et  al. 
has  shown  lysines  1 and  7 to  have  a propensity  for  modification  by  acetic  and  succinic 
anhydride  as  well  as  active  site  lysine  41  (144).  Our  experimental  data  suggest  no 
significant  modification  of  lysine  41  by  SMPT  occurs  under  our  reaction  conditions. 
Modification  at  lysine  7 did  not  differ  in  selectivity  by  SMPT  from  other  lysines  such  as 
31, 66,  91  and  98.  Predominant  modification  by  SMPT  occurs  at  lysines  1 and  37.  In 
the  3-dimensional  structure  of  RNase  A all  lysines  are  accessible  to  the  solvent,  and 
lysines  1 and  37  are  on  the  same  side  of  the  protein.  Their  similar  location  in  the  tertiary 
structure  may  be  related  to  their  increased  propensity  for  modification.  It  is  likely  that 
modification  at  either  residue  would  result  in  a similar  change  in  the  dipole  moment  of 
the  protein,  making  its  separation  by  cationic  exchange  chromatography  difficult. 
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Tryptic  Digestion  of  Singly  SMPT  Modified  RNase  A 

The  issues  discussed  for  analysis  of  SMPT-modified  RNase  A led  to  the 
digestion  of  RNase  A that  had  previously  been  shown  to  be  singly  modified.  In  chapter 
2,  offline  HPLC  was  used  as  a second  dimension  of  separation  for  SMPT-modified 
RNase  A,  and  ESI/FTICR-MS  was  used  to  demonstrate  the  isolation  of  singly  modified 
RNase  A with  no  native  protein  present  (Figure  2-22).  Tryptic  digestion  of  the  two- 
dimensionally  separated,  singly  SMPT-modified  RNase  A was  performed.  Experimental 
results  were  consistent  with  the  heterogeneity  of  modification  site  in  each  fraction 
despite  the  increased  chromatographic  separation  inherent  in  a two-dimensional 
method.  Such  an  example  demonstrates  the  difficulty  of  targeting  single  specific 
residues  in  a protein  containing  many  reactive  sites  with  a non-specific  modification 
reagent. 


Conclusion 

ESI/FTICR-MS  has  been  used  to  directly  detect  the  extent  of  modification  of 
RNase  A by  SMPT.  Analysis  of  native  and  SMPT-modified  RNase  A tryptic  digests  by 
ESI/FTICR-MS  resulted  in  the  identification  of  the  sites  of  modification.  Semi- 
quantitative  results  of  the  reactivity  of  certain  lysine  residues  toward  the  coupling  reagent 
SMPT  are  possible  but  must  be  examined  with  caution  since  sensitivities  of  different 
peptide  segments  to  detection  change  based  on  the  chemical  nature  of  the  peptide  and 
reactions  in  the  electrospray  source.  Two  sites  (lysines  1 and  37)  are  highly  reactive, 
while  three  sites  (lysines  41 , 61  and  1 04)  appear  to  be  unreactive  under  the  conditions 
used.  Quantitative  results  would  require  the  use  of  internal  standards  of  each  peptide 
segment  and  potential  combinations  of  peptide  segments,  both  modified  and  unmodified. 
However,  without  internal  standards,  deduced  propensities  of  modification  at  a given  site 
will  only  be  semi-quantitative. 


CHAPTER  4 

THE  MAPPING  OF  SMPT-MODIFIED  RNASE  A II: 

PROTEOLYTIC  DIGESTION  WITH  SUBTILISIN  WITH  HPLC/ESI/QIT-MS  AND  MSn 

ANALYSIS 

Introduction 

Complete  characterization  of  SMPT-modified  RNase  A requires  the  use  of 
proteolytic  digestion  of  the  peptide  chain  into  smaller  peptide  segments  followed  by 
analysis.  Analysis  of  SMPT-modified  RNase  A using  the  serine  protease  trypsin  and 
direct  analysis  by  ESI/FTICR-MS  was  described  in  Chapter  3.  Qualitative  results 
demonstrated  higher  propensity  for  modification  by  SMPT  at  Lys-1  and  Lys-37  than  at 
other  lysine  residues.  SMPT  modification  at  Lys-1 , and  to  a lesser  degree  Lys-7,  has 
been  investigated  further  by  proteolytic  cleavage  of  SMPT-modified  RNase  A with  a 
different  enzyme,  the  bacterial  protease  subtilisin. 

The  non-specific  protease  subtilisin  cleaves  RNase  A into  two  polypeptides,  the 
S-peptide  (residues  1-20)  and  the  S-protein  (residues  21-124)  (see  Figure  4-1  (a)).  The 
S-peptide  and  S-protein  tightly  associate  to  form  RNase  S,  which  maintains  the  original 
RNase  A conformation  under  certain  conditions  and  retains  high  enzymatic  activity 
(161,162).  Residues  3-13  of  the  S-peptide  form  an  a-helix  when  in  the  RNase  S 
complex,  as  seen  in  native  RNase  A (see  Figure  4-1  (b)).  Removal  of  residues  16-20 
from  the  S-peptide  results  in  a truncated  version  of  the  peptide  that  retains  a-helix 
conformation  in  the  RNase  S complex  (163).  Identical  crystal  structures  of  RNase  A, 
RNase  S and  RNase  S with  the  truncated  S-peptide  (164),  along  with  retention  of  activity 
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in  RNase  S,  illustrate  a classic  example  of  the  importance  of  noncovalent  interactions  on 
enzyme  tertiary  structure  (165). 


Figure  4-1 . Ribonuclease  A.  a)  Amino  acid  sequence  showing  primary  site  of  cleavage 
by  subtilisin  into  two  polypeptides,  S-peptide  (residues  1-20)  on  the  N-terminal  side  of 
the  line  and  S-protein  (residues  21-124)  on  the  C-terminal  side,  b)  Ribbon  structure 
showing  a-helical  structure  of  the  S-peptide  region  when  covalently  bound  as  in  RNase 
A or  noncovalently  bound  as  in  RNase  S.  The  a-helical  conformation  of  the  S-peptide  is 
maintained  when  residues  16-20  are  removed,  the  truncated  version  of  S-peptide,  and  it 
is  complexed  to  the  S-protein. 


Many  studies  of  RNase  S-peptide  and  S-protein  complex  have  been  presented. 
Schreier  and  Baldwin  reported  on  the  investigation  of  unfolding  of  the  RNase  S complex 
by  monitoring  tritium  exchange  kinetic  differences  between  S-peptide  when  free  and 
when  complexed  to  the  S-protein  (166).  Connelly  et  al.  used  titration  calorimetry  to 
study  the  thermodynamics  of  the  S-protein/S-peptide  interactions  and  those  of  S-protein 
with  S-peptide  mutants  for  the  evaluation  of  hydrophobic  interactions  in  the  stabilization 
of  proteins  (165).  Alexandrescu  et  al.  reported  entropy  changes  upon  folding  of  the  S- 
protein/S-peptide  complex  by  determination  of  15N  relaxation  parameters  (167). 
Electrospray  ionization  mass  spectrometry  was  used  to  study  the  thermal  denaturation 
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of  RNase  S to  demonstrate  that  solution  properties  of  noncovalent  complexes  can  be 
obtained  by  such  a gas-phase  study  (168,169). 

The  use  of  subtilisin  for  cleavage  of  SMPT-modified  RNase  A allows  for 
identification  of  modification  to  the  Lys-1  or  Lys-7  position  on  the  S-peptide.  Separation 
and  analysis  of  the  S-peptide  and  S-protein  (native  and  modified)  is  accomplished  by 
HPLC/ESI/QIT-MS.  MS"  has  been  used  to  examine  SMPT-modification  at  a-Lys-l,  e- 
Lys-I  and  e-Lys-7.  HPLC  online  with  ESI/QIT-MS  separates  unmodified  and  modified  S- 
peptides  and  S-proteins,  but  also  separates  modified  S-peptides  by  site  of  modification. 
Subsequent  online  analysis  by  ESI/QIT-MS  and  MS"  provides  data  for  identification  of 
the  modified  lysine  residue.  A diagram  of  the  HPLC  inlet  to  the  ESI/QIT-MS  system  is 
shown  in  Figure  4-2. 


PROBE 

RETAINER  BOLT 


TRANSFER 
LINE  FITTING 


GROUND  SHIELD 


1.987-IN.  O-RING 
. 1 .739TN.  O-RING 


Figure  4-2.  HPLC/ESI/QIT-MS  inlet  system  (170). 
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Offline  HPLC  has  also  been  used  for  the  isolation  of  SMPT-modified  RNase  A. 
HPLC  fractions  that  were  shown  to  contain  singly  modified  RNase  A were  digested  with 
subtilisin  followed  by  HPLC/ESI/QIT-MS.  Results  of  this  experiment  introduced  the 
possibility  that  some  fraction  of  the  covalently  bound  modifying  reagent  was  being 
cleaved  by  subtilisin. 

It  has  been  noted  in  the  literature  that  subtilisin,  more  specifically  subtilisin- 
Carlsberg,  cleaves  most  specifically  between  residues  20  and  21 , but  also  cleaves 
between  residues  21  and  22  to  a significantly  lesser  degree  (168,171,172).  A study  by 
Neumann  et  a/.(  172)  reported  85-90%  of  the  S-protein  product  was  RNase  21-124  with 
10-15%  contamination  with  the  shortened  form,  RNase  22-124. 

Evidence  for  cleavage  of  RNase  A between  residues  other  than  20-21  and  21-22 
has  not  been  reported  in  the  literature.  In  this  work,  the  semi-quantitative  examination  of 
the  products  of  cleavage  of  RNase  A by  subtilisin-Carlsberg  was  investigated  by  using 
HPLC/ESI-MS.  The  effect  of  covalent  modification  by  SMPT  at  lysine  1 or  lysine  7 or 
both  on  the  specificity  of  subtilisin  is  also  examined. 

Experimental  Procedures 

General  Reagents 

All  reagents  were  reagent  grade  unless  otherwise  specified.  All  buffers  were 
purchased  from  Sigma  (St.  Louis,  MO).  Water  was  purified  by  a Sybron/Bamsted 
Module  Deionization  System. 

Subtilisin  Proteolytic  Digest 

Purified  native  RNase  A or  SMPT-modified  RNase  A was  dissolved  in  0.1  M 
NH4HC03at  pH  8.0  to  a volume  of  500  pL.  A stock  solution  of  subtilisin  (Carisberg, 
Sigma)  was  prepared  by  dissolving  5 mg  of  the  protease  in  100  mL  of  0.1  M NH4HC03at 
pH  8.0.  Ten  pL  of  subtilisin  stock  was  added  to  the  500  pL  RNase  A solution.  The 


92 


mixtures  were  allowed  to  incubate  for  24  hours  at  4°C.  Digestion  was  stopped  by 
lyophilization  and  the  lyophilates  were  reconstituted  in  49%  methanol  / 49%  H20  / 2% 
acetic  acid  for  mass  spectrometric  analysis. 

HPLC/ES1/QIT-MS  and  MSn 

HPLC/ESI/QIT-MS  and  MSn  data  were  collected  by  Jodie  V.  Johnson. 
HPLC/ESI-MS  and  MSn  data  were  acquired  by  using  a Finnigan  MAT  LCQ  quadrupole 
ion  trap  mass  spectrometer  (Finnegan  MAT,  San  Jose,  CA)  operated  in  the  electrospray 
ionization  (ESI)  mode.  Typical  operating  parameters  were  nitrogen  sheath  and  auxiliary 
gases  of  70  and  10  (unitless),  respectively,  heated  capillary  temperature  of  235°C,  and 
ion  spray  voltage  of  3.5  kV.  The  source  collision-induced  dissociation  (SCID)  was  set 
between  10-20%  maximum  for  declustering.  MS  and  MS"  data  were  acquired  with  the 
normal  m/z  50-2000  range,  as  well  as  with  the  extended  m/z  range  (up  to  m/z  4000) 
offered  with  the  LCQ’s  advanced  scan  function  software.  Parent  ion  isolation  was 
typically  5 u wide  with  the  CID  energy  set  to  35  or  50%  maximum  for  z = +2  ions  and 
65%  for  z = +1  ions.  A higher  resolution  scan  (Zoom  scan)  was  obtained  only  in  the 
normal  m/z  50-2000  range. 

The  mobile  phase  was  introduced  by  a Beckman  Instruments  (Fullerton,  CA) 
System  Gold  model  126  pump.  A binary  HPLC  mobile  phase  system  was  used:  buffer  A 
consisted  of  1%  stock  buffer  (below),  10%  acetonitrile  (HPLC  grade,  Fisher),  and  89% 
H20,  while  buffer  B was  1%  stock  buffer,  75%  acetonitrile,  and  24%  H20.  The  stock 
buffer  consisted  of  7.5%  trifluoroacetic  acid  (Fisher),  50%  triethanolamine  (Fisher),  25% 
acetonitrile  and  62.5%  H20.  Chromatographic  separation  was  achieved  with  a 
Phenomenex  Jupiter  5p  C18  column  (Torrance,  CA)  (4.6  mm  i.d.  x 250  mm;  guard 
column,  4.6  mm  i.d.  x 30  mm,  300  A pore).  The  elution  gradient  was  as  follows:  0 min 
(A:B=95:5),  5 min  (A:B=95:5),  20  min  (A:B=70:30),  30  min  (A:B=65:35),  40 
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min(A:B=25:75);  50  min  (A:B=95:5).  The  column  effluent  was  split  prior  to  the  ESI 
source  with  approximately  70-80%  of  the  effluent  going  to  waste.  Relative  amounts  of 
the  various  peptides  and  proteins  were  determined  by  integration  of  peak  area  for  the 
HPLC  mass  chromatogram  ions  of  interest. 

HPLC  Separation  of  Modified  RNase  A Offline 

Some  Bio-Rex  70  separated  SMPT  modified  RNase  A fractions  were  further 
separated  on  a Phenomenex  Jupiter  5p  C18  column  (Torrance,  CA)  (4.6  mm  i d.  x 250 
mm;  guard  column,  4.6  mm  i.d.  x 30  mm,  300  A pore).  Buffer  A consisted  of  1%  stock 
buffer  (below),  10%  acetonitrile  (HPLC  grade,  Fisher),  89%  HzO  and  buffer  B was  1% 
stock  buffer,  75%  acetonitrile,  and  24%  H20.  The  stock  buffer  consisted  of  7.5% 
trifluoroacetic  acid  (Fisher),  50%  triethanolamine  (Fisher),  25%  acetonitrile  and  62.5% 
H20.  The  column  was  equilibrated  with  5%  buffer  B at  1 mL/min.  The  elution  was  as 
follows:  0 min  (A:B=95:5),  5 min  (A:B=95:5),  20  min  (A:B=70:30),  30  min  (A:B=65:35), 

40  min(A:B=25:75);  50  min  (A:B=95:5).  The  various  forms  of  modified  RNase  A were 
detected  by  their  absorbance  at  229  nm.  The  peak  fractions  were  collected, 
concentrated,  lyophilized  and  reconstituted  in  49%  methanol  / 49%  H20  / 2%  acetic  acid 
for  mass  spectrometric  analysis. 


Results  and  Discussion 
Cleavage  Specificity  of  Subtilisin  for  RNase  A 

The  cleavage  of  subtilisin  for  the  substrate  RNase  A at  various  peptide  bonds 
was  quantified  by  HPLC/ESI-MS.  Ions  were  mass-selected  that  corresponded  to  the 
m/z  ratio  for  [M  + H]+1  and  [M  + 2H]+2  ions  of  the  S-peptide,  such  that  their  abundances 
could  be  integrated  and  summed.  Because  the  ions  being  compared  are  the  same 
charge  states  and  have  similar  chemical  structure,  their  relative  abundances  were 
compared  without  using  an  internal  standard.  Mass  selection  for  ions  of  unmodified  S- 
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peptides  of  residues  1-16,  1-17, 1-18,  1-19, 1-20,  1-21  and  1-22  were  chosen  for  their 
close  proximity  to  the  main  site  of  cleavage.  The  amino  acid  sequence  of  RNase  A with 
the  primary  and  secondary  sites  of  cleavage  by  subtilisin  is  shown  in  Figure  4-3.  The 
HPLC  mass  chromatograms  for  each  of  these  S-peptide  ions  are  shown  in  Figure  4-4. 


Figure  4-3.  Amino  acid  sequence  of  RNase  A showing  sites  of  cleavage  by  subtilisin. 
Black  is  the  primary  cleavage  site  and  gray  represents  secondary  cleavage  sites. 

Comparison  of  their  relative  intensities  revealed  that  86.0  ± 3.2  % represented 
ions  assigned  as  S-peptide  residues  1-20,  demonstrating  cleavage  by  subtilisin  between 
these  residues.  Cleavage  distributions  for  other  peptide  bonds  are  given  in  Figure  4-5. 
The  cleavages  between  residues  19-20,  18-19  and  16-17  represented  averages  of  3.0  ± 
1 .6  %,  7.0  ± 3.3  % and  2.1  ±1.2  % of  the  S-peptide  cleavage  products,  respectively. 

The  production  of  these  latter  three  peptides  had  not  been  reported  previously  in  the 
literature.  The  distribution  of  ions  includes  those  ions  assigned  to  contain  chemical 
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changes  to  the  peptides  that  occur  under  these  reaction  conditions  such  as 
esterification  of  the  C-terminus  end  to  the  methyl  ester  or  adducts  of  trifluoroacetic  acid. 


Unmodified  S-Peptide  Cuts 

100.0 

0)  80.0 
u 

| 60.0 

5 40.0 

< 

20.0 
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86.0% 


2.1%  0.0%  7 0 % 3 0 % 


1.9%  0.0% 


1-16 


1-17 


1-18  1-19  1-20 

S-Peptide  Residues 


1-21 


1-22 


Figure  4-5.  Percent  relative  ion  abundance  of  S-peptides  of  lengths  1-16  through  1-22, 
indicating  the  propensity  of  the  peptide  bond  to  be  cleaved  by  subtilisin. 


Retention  times  of  the  S-peptides  were  found  to  be  directly  related  to  the 
chemical  nature  of  the  C-terminus  residue  remaining  after  digestion  with  subtilisin  (see 
Table  4-1).  The  retention  times  on  the  reverse-phase  column  were  shorter  for  polar  C- 
terminus  residues.  The  longest  retention  time  was  for  S-peptide  residues  1-20,  which 
has  two  nonpolar  alanine  residues  at  the  C-terminus  end. 

Modification  of  RNase  A SMPT  at  lysine  1 or  lysine  7,  or  both,  that  was  isolated 
from  randomly  modified  RNase  A was  used  to  examine  the  specificity  of  subtilisin  on  a 
chemically  altered  RNase  A.  Ions  [M  + H]1+  and  [M  + 2H]2+were  mass-selected  from  the 
HPLC  elution  gradient  for  S-peptides  that  had  been  modified  with  SMPT  at  one  or  two 
lysine  residues.  Ions  that  corresponded  to  a single  modification  on  the  S-peptide  that 
had  been  cleaved  at  the  various  cleavage  sites  were  compared  for  their  relative 
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Table  4-1.  Retention  times  of  S-peptides  during  reverse-phase  HPLC  in  relation  to  the 
nature  of  residues  remaining  after  cleavage  by  subtilisin. 


S-Peptide 

Residues 

C-terminal 

Sequence 

Reverse  Phase 
Retention  Time  (min) 

Chemical  Nature  and 
Number  of  Residues  Added3 

1-16 

-SS-OH 

15.19 

_ 

1-17 

— SST-OH 

not  detected 

T,  polar 

1-18 

— SSTS-OH 

15.04 

S,  polar 

1-19 

— SSTSA-OH 

15.48 

A,  nonpolar 

1-20 

— SSTSAA-OH 

15.58 

A,  nonpolar 

1-21 

— SSTSAAS-OH 

15.12 

S,  polar 

1-22 

— SSTSSAASS-OH 

not  detected 

S,  polar 

a Residues  represented  by  abbreviations:  T,  threonine;  S,  serine;  A,  alanine. 


abundances.  The  SMPT-modification  neutralizes  the  lysine  residue  and  reduces  the 
highest  potential  charge  state  of  the  peptide.  Because  the  distribution  of  sensitivity  to 
detection  was  generally  consistent  within  each  group  of  SMPT  additions  (i.e.  0,  1,  and 
2),  comparison  of  the  relative  intensities  of  the  same  charge  states  were  used  without 
internal  standards.  The  mass  chromatograms  with  mass  selections  for  singly  modified 
S-peptides  are  shown  in  Figure  4-6.  Separation  of  three  products  in  each  mass 
chromatogram  in  Figure  4-6  results  from  the  different  locations  where  SMPT 
modification  can  occur;  a-lysine  1,  e-lysine  1 and  e-lysine  7 (see  below). 

Similar  mass  selection  was  performed  for  [M  + H]1+  and  [M  + 2H]2+  ions  that  were 
modified  at  both  lysines  1 and  7 (Data  not  shown).  The  data  for  cleavage  by  subtilisin  of 
the  singly  and  doubly  SMPT-modtfied  S-peptides  is  shown  in  Table  4-2.  Each 
modification  appears  to  have  a negligible  effect  on  the  ability  of  subtilisin  to  cleave 
RNase  A at  any  of  the  observed  cleavage  sites.  Constant  specificity  is  presumed  to 
occur  due  to  the  distance  between  the  modification(s)  and  the  cleavage  sites,  a 
minimum  of  eight  residues.  It  is  possible  that  modification  closer  to  the  site  of  cleavage 
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or  with  a different  modification  reagent  would  alter  the  specificity  of  subtilisin  for  the 
RNase  A substrate. 


Table  4-2.  Average  percentages  of  S-peptides  resulting  from 
cleavage  between  different  residues  of  native  and  SMPT-modified 
RNase  A.a 


Residues 

0 SMPT 

1 SMPT 

2 SMPT* 

1-16 

2.1  ±1.2% 

2.3  ± 0.5  % 

undetected 

1-17 

undetected 

undetected 

undetected 

1-18 

7.0  ± 3.3  % 

5.0  ± 2.3  % 

4% 

1-19 

3.0  ±1.6% 

3.6  ± 0.6  % 

4% 

1-20 

86.0  ± 3.2% 

85.5  ±5.1  % 

89% 

1-21 

1.9  ±1.5% 

3.4  ±1.7% 

3% 

1-22 

undetected 

0.2  ±0.1  % 

undetected 

a Average  relative  uncertainty  is  48%  for  zero  SMPT 
addition,  and  28%  for  one  SMPT  addition. 

6 Data  collected  for  one  sample  only. 


Another  factor  that  presented  difficulty  in  the  quantification  of  subtilisin  specificity 
was  the  presence  of  two  ions,  m/z  1197-[M  + 2H]2+and  m/z  1090-[M  + 2H]2\  that  were 
similar  in  m/z  to  the  unmodified  S-peptides  and  had  similar  HPLC  elution  patterns.  CID 
of  these  ions  resulted  in  fragmentation  patterns  that  indicated  their  identities  as 
chemically  altered  forms  of  the  unmodified  S-peptide.  The  identity  of  the  ion  m/z  1090- 
[M  + 2H]2+  has  been  identified  as  S-peptide,  residues  1-20,  with  a methyl  ester  at  the  C- 
terminus  end  rather  than  a carboxylic  acid.  This  chemical  change  to  the  S-peptide 
following  digestion  occurred  possibly  when  the  digestion  products  were  reconstituted  in 
49%  methanol  / 49%  H20  / 2%  acetic  acid.  The  ion  m/z  1090-[M  + 2H]2+ was,  therefore, 
included  in  the  total  ion  abundance  representing  the  S-peptide  cleaved  between 


residues  20  and  21. 
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The  identity  of  the  chemical  change  to  the  S-peptide  during  or  following  digestion 
that  resulted  in  the  presence  of  the  ion  m/z  1197  -[M  + 2H]2+ was  assigned  as  two 
adducts  of  trifluoroacetic  acid.  The  presence  of  this  ion  represented  a significant 
percentage  of  the  total  S-peptide  seen  in  the  spectra.  The  ion  m/z  1 1 97  -{M  + 2H]2+  was 
included  in  the  total  ion  abundance  representing  the  S-peptide  cleaved  between 
residues  20  and  21. 

The  results  of  the  examination  of  specificity  of  subtilisin  for  RNase  A substrate 
indicate  the  wide  variation  in  cleavage  sites  and  specificity  for  those  sites  under 
controlled  reaction  conditions.  Many  researchers  have  made  use  of  the  S-peptide/S- 
protein  complex  as  a method  for  introduction  of  a synthetic  group  into  the  enzyme, 
usually  by  placement  of  a mutation  by  solid-phase  synthesis  or  chemical  modification  of 
the  S-peptide  (164,173,174).  In  light  of  the  results  above,  the  preparation  of  RNase  S 
and  its  components  must  be  carefully  considered  before  assuming  purity. 

Subtilisin  Digests  of  Native  and  SMPT-Modified  RNase  A Following  Bio-Rex  70 

Chromatography 

Digestion  of  modified  RNase  A with  subtilisin  was  used  as  a complement  to  the 
modification  site  information  obtained  from  tryptic  digestion.  A detailed  examination  of 
modifications  at  Lys-7  and  the  e-  and  a-amino  positions  on  Lys-1  was  carried  out.  All 
CID  data  on  the  S-peptide  were  collected  through  fragmentation  of  the  predominant 
unmodified  and  SMPT-modified  S-peptides,  m/z  1083-[M+2H]2+,  m/z  1220-[M+2H]Z\ 
respectively  (residues  1-20). 

Fractions  of  SMPT-modified  protein  from  the  Bio-Rex  70  column  were  digested 
by  subtilisin  followed  by  separation  and  examination  by  HPLC/ESI/QIT-MS.  A variety  of 
combinations  of  unmodified  S-peptide,  m/z  1083-  [M+2H]2+,  singly  modified  S-peptide, 
m/z  1 220-[M  + 2H]Z+,  unmodified  S-protein,  m/z  2882-[M+4H] 4+,  singly  modified  S- 
protein,  m/z  2954-[M  + 4H]4+,  as  well  as  multiply  modified  peptides  were  found  in  Bio- 
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Rex  70  fractions  (see  an  example  in  Figure  4-7).  The  presence  of  these  various  ions 
demonstrates  the  heterogeneity  in  a given  Bio-Rex  70  peak  in  terms  of  number  of  SMPT 
modifications  and  site  of  modification.  Charge  states  were  obtained  under  high- 
resolution  detection  for  ions  of  interest  to  confirm  peptide  assignment. 

A characteristic  pattern  of  elution  was  observed  from  the  HPLC/ESI/QIT-MS, 
showing  three  peaks  with  the  same  m/z  that  correspond  to  singly  modified  S-peptide, 
m/z  1220-  [M+2H] 2+  (Figure  4-8).  The  isotopic  pattern  that  confirms  the  [M+2H] 2+  state 
for  the  singly  modified  S-peptide  is  shown  in  Figure  4-9. 

The  reproducible  HPLC  elution  pattern  of  singly  modified  S-peptide,  m/z1220- 
[M+2H]2+  peaks  would  logically  correspond  to  the  three  possible  sites  of  modification  on 
the  S-peptide:  a-lys-1,  e-lys-1  and  lys-7  (Figure  4-10).  The  technique  of  MSn  was  used  to 
determine  the  collision-induced  dissociation  (CID)  patterns  of  the  unmodified  S-peptide 
ion,  m/z  1083-  [M+2H]2+,  and  modified  S-peptide  ions,  m/z  1220-  [M+2H]2\  to  obtain 
sequence  information  about  the  SMPT  modification  site  (see  Figure  4-1 1(a)  and  4- 
11(b)). 

A characteristic  CID  pattern  was  seen  for  the  unmodified  S-peptide,  m/z  1083- 
[M+2H]2+.  CID  of  the  singly  modified  S-peptide  ions  at  m/z  1220-  [M+2H]2+  resulted  in 
many  daughter  ions  (Tables  4-3  - 4-6).  Ions  which  are  indicative  of  the  modification  site 
in  each  m/z  1220-[M+2H]Z+  HPLC/ESI  mass  spectrum  were  mass  selected  and  plotted 
with  respect  to  elution  time  (see  Figure  4-12).  Peaks  A and  B of  Figure  4-12  correspond 
to  modification  at  lys-1  and  peak  C corresponds  to  modification  at  lys-7. 

It  would  be  difficult  to  determine  which  peak  (A  or  B)  corresponds  to  modification 
at  a-lys-1  or  e-lys-1  because  the  CID  fragmentation  patterns  could  possibly  be  identical. 
One  clue,  however,  to  the  site  of  lys-1  modification  was  found.  CID  fragmentation 
appears  to  be  negligible  at  peptide  bonds  connected  to  the  modified  residue  in  peak  B. 


RT:  12.00  - 42.00 
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Peak  B 


Figure  4-8.  HPLC/ESI-mass  chromatogram  of  ions  m/z  1220-{M  + 2H]2+  that 
corresponds  to  singly  modified  S-peptide.  All  three  peaks  have  the  same  m/z,  indicating 
separation  during  HPLC  elution  based  on  differing  chemical  structure. 


104 


Figure  4-9.  High-resolution  scan  of  m/z  1220-[M  + 2H]2+  peak  A of  Figure  4-8.  Isotopic  pattern 
of  the  ion  shows  the  12C  peak  with  single  additions  of  13C.  Other  isotopes  common  to  biological 
molecules  contribute  to  the  pattern.  The  difference  between  the  peaks  is  0.5  m/z.  The  inverse 
is  2+,  which  is  the  charge  state.  The  single  addition  of  13C  is  the  most  abundant  peak  due  to 
the  large  size  of  the  protein.  The  probability  of  the  presence  of  1 13C  is  greater  in  a molecule  of 
high  molecular  mass  than  in  a small  molecule,  where  the  12C  ion  would  be  most  abundant.  The 
isotopic  pattern  shown  here  for  peak  A of  Figure  4-8  is  the  same  for  peaks  B and  C. 
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Figure  4-10.  N-terminus  end  of  the  unmodified  S-peptide  illustrating  the  sites  where 
modification  can  occur,  a-Lys-1,  e-Lys-1  and  s-Lys-7 . 


If  the  close  proximity  of  the  modification  to  the  peptide  bond  inhibits  CID 
fragmentation,  then  modification  at  a-lys-1  would  result  in  a slightly  different  CID 
fragmentation  pattern  from  that  of  modification  at  e-lys-1.  Fragment  ion  yi92+,  m/z  1020- 
[M+2H]2+,  corresponds  to  loss  of  the  lys-1  if  the  modification  occurred  at  lys-1.  The  yi9 
ion  was  observed  in  the  CID  fragmentation  pattern  of  the  HPLC/ESI-mass 
chromatogram  elution  peak  A but  not  in  peak  B or  C. 

The  formation  of  the  yi92+  ion  from  peak  A and  not  from  peak  B may  indicate  that 
peak  A contains  S-peptide  modified  at  s-lys-1  and  peak  B contains  S-peptide  modified  at 
a-lys-1 . Modification  at  e-lys-1  is  far  enough  away  from  the  peptide  backbone  to  allow 
lys-1  to  be  lost.  Modification  at  a-lys-1  is  closer  to  the  peptide  backbone,  preventing  loss 
of  lys-1,  and  thus,  ion  m/z  1020-  [M+2H] 2+  is  absent  from  CID  fragmentation  of  HPLC 
peak  B. 

To  corroborate  this  theory,  the  modification  found  at  lys-7  in  peak  C did  not  inhibit 
CID  fragmentation  at  the  adjacent  peptide  bond,  as  seen  by  the  presence  of  the  yi31+in 
peak  C.  The  experimental  data  demonstrate  the  information  that  may  be  obtained  from 
careful  examination  of  the  CID  fragmentation  patterns  for  each  S-peptide  ion.  However, 
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Figure  4-1 1 . CID  fragmentation  spectra  of  a)  unmodified  S-peptide,  m/z  1083-[M  + 2H]  + and  b)  singly  SMPT-modified 
S-peptide,  m/z  1220-[M  + 2H]2+,  peak  A from  Figure  4-8.  Ion  assignments  are  labeled  according  to  conventional 
nomenclature.  A complete  listing  of  each  assigned  ion  for  unmodified  S-peptide  and  singly  SMPT-modified  S-peptide  for 
peaks  A,  B and  C from  Figure  4-8  is  shown  in  Tables  4-3  through  4-6. 
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Table  4-3:  Unmodified  S-peptide  fragment 


ions,  MSn  of  m/z  1083.50-[M+2H 

12+ 

m/z 

b-ionsa 

m/z 

y ionsb 

572.6 

be 

434.5 

y5+1 

700.7 

t>7+1  or  b12+z 

523.5 

y6+1 

765.6 

h *2 
bi3 

824.7 

yi5+z 

823.1 

K +2 

bl4 

906.7 

y9+1 

866.4 

K +2 

bis 

955.5 

+2 

yia 

910.1 

h 

bie 

1019.5 

yi9+z 

951.6 

b17+z-NH3 

1190.6 

yn+1 

961.4 

bi/2 

1319.8 

yi2+1 

976.8 

1466.8 

yn+1 

995.1 

b18+2-NH3 

1594.8 

yu+1 

1004.1 

K 

bie 

1666.1 

yis+1 

1030.6 

b19+z-NH3 

1737.1 

yie+1 

1039.6 

K 

big 

1909.3 

yia+1 

1075.1 

b2o+2-NH3 

1132.8 

K +1 

bio 

1260.8 

bn 

1397.8 

K +1 

bi2 

1528.9 

K 

bi3 

1643.9 

l_  +1 

bi4 

a “b-ions”  are  fragment  ions  generated 
from  cleavage  at  the  amide  bonds  with 
the  charge  retained  on  the  N-terminal  end 
of  the  peptide.  The  subscript  indicates 
the  amide  bond  where  fragmentation 
occurred,  counted  from  the  C-terminal. 
b “y-ions”  are  fragment  ions  generated 
from  deavage  at  the  amide  bonds  with 
the  charge  retained  on  the  C-terminal  end 
of  the  peptide.  The  subscript  indicates  the 
amide  bond  where  fragmentation 
occurred,  counted  from  the  N-terminal. 


Table  4-4:  Singly  Modified  S-peptide, 
Peak  A,  MSn  of  m/z  1220.00-[M+2H] 2* a 


m/z 

b-ionsb 

m/z 

y-ionsc 

703.4 

b4+1  or  b10+2 

823.3 

+2 

y« 

973.7 

b/1 

904.3 

yir*2 

901.4 

906.7 

y9+1 

959.5 

K ^ 

bu 

955.5 

♦2 

yis 

1002.9 

K +2 

bi5 

1019.5 

y«+z 

1045.9 

K +2 

bl6 

1190.6 

yn+1 

1097.4 

h +2 
bi7 

1319.7 

yi2+1 

1120.4 

K ^ 

be 

1466.8 

yi3+1 

1141.3 

K +2 

bie 

1594.8 

yi/1 

1149.8 

b18+2+H20 

1665.8 

y«+1 

1165.1 

b2o+z-(s-pyr) 

1720.1 

yi6+1-NH3 

1176.1 

l +2 

big 

1736.9 

yie+1 

1211.5 

bzo^-NHa 

1909.9 

yis+1 

1221.5 

bg+1-CO 

1249.5 

bg^ 

1406.5 

1533.8 

K +1 

bn 

1670.8 

K +1 

bi2 

1801.7 

bi3 

1917.8 

K +1 

bi4 

a Bolded  ions  indicate  those  which  pinpoint  site 
of  modification.  In  this  case  ions  indicate 
modification  at  lysine  1 . 
b'  c See  definition  in  Table  4-3. 
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Table  4-5:  Singly  Modified  S-peptide, 

Peak  B,  MS"  of  m/z  1220.00-[M+2H] 2t  8 
— m — i u 


m/z 

b-ions6 

m/z 

y-ionse 

513.6 

b2+1-NH3 

523.5 

y6+1 

531.6 

h +1 

b2 

638.4 

y7+1 

549.4 

b2+1+H20 

751.8 

y8+1-NH3 

616.7 

b3+1-NH3 

769.5 

y8+1 

631.9 

K +1 

904.3 

yi/+z 

703.4 

b4+1  or  b10+2 

906.6 

y9+1 

722 

b4+1+H20 

947 

yi«t2-NH3 

774.6 

h +1 

b5 

955.5 

yi8+2 

845.7 

K +1 
«6 

1034.9 

yio+1 

902.1 

K 

^13 

1211.5 

y20+2-NH3 

959.5 

K +* 
Dl4 

1303.6 

yi2+1-NH3 

1003.2 

K ^ 

bis 

1319.7 

yi2+1 

1046.7 

K +2 

bl6 

1466.8 

yi3+1 

1088.2 

b17+2-NH3 

1594.8 

yi/1 

1097.2 

K +2 

bi7 

1665.8 

y«+1 

1120.4 

K +1 

bs 

1736.9 

y«+1 

1141.3 

bis 

1909.9 

yi8+1 

1149.8 

b18+2+H20 

1165.1 

b2o+z-(s-pyr) 

1176.1 

k +2 

big 

1211.5 

b2o+2-NH3 

1221.5 

bg+1-CO 

1249.5 

bs+1 

1405.7 

1533.8 

bnT' 

1670.8 

bi2T' 

1801.7 

k T| 

bi3 

1917.8 

k 

bu 

8 Bolded  ions  indicate  those  which  pinpoint  site 
of  modification.  In  this  case,  ions  indicate 
modification  at  lysine  1 . 
b'  c See  definition  in  Table  4-3. 


Table  4-6:  Singly  Modified  S-peptide, 

Peak  C,  MSn  of  m/z  1220.00-[M+2H] 2* 8 
u : Z7T  .. 


m/z 

b-ions6 

m/z 

y-ionsc 

572.4 

L +1 

b6 

523.5 

y8+^ 

902.1 

k +2 

bi3 

638.4 

y7+1 

959.5 

k *2  j 

bu 

751.8 

y8+1-NH3 

1003.2 

k 

bis 

769.5 

y8+1 

1046.7 

k +2 

bi6 

888.5 

y9+1-NH3 

1097.2 

b17+i 

906.7 

y9+1 

1120.4 

b«+i 

1004.1 

yie*2 

1140.8 

k 

bie 

1091.4 

♦2 

yn 

1149.8 

b18+2+H20 

1211.5 

y20+2-NH3 

1165.1 

b2o+z-<s-pyr) 

1319.8 

yi2+1 

1176 

k 

big 

1467.8 

yi3+1 

1211.5 

b2o+z-NH3 

1868.7 

yi«+1 

1221.5 

bg+1-CO 

1938.8 

yis+1 

1249.5 

be*1 

1405.9 

~ tbo*1 

1533.8 

k 

bn 

1670.8 

k 

! b12 

1802.9 

k +1 
bi3 

1916.8 

k +1 

bu 

8 Bolded  ions  indicate  those  which  pinpoint  site 
of  modification.  In  this  case,  ions  indicate 
modification  at  lysine  7. 
c See  definition  in  Table  4-3. 
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Peak  B 


Figure  4-12.  HPLC/ESI-mass  chromatograms,  a)  Base  peak  for  ail  m/z  1220-{M  + 
2H]2+  ions,  as  in  Figure  4-8.  b)  Mass  selection  of  some  ions  that  correspond  to 
modification  at  Lys-1  only.  The  elution  times  of  these  ions  indicate  they  are  only 
present  in  the  first  2 base  peaks,  A and  B.  c)  Mass  selection  of  some  ions  that 
correspond  to  modification  at  Lys-7  only.  The  elution  times  of  these  ions  indicate 
they  are  only  present  in  the  last  base  peak,  C.  d)  Mass  selection  of  ion  y,e2* 
possibly  corresponding  to  modification  at  e-Lys-1 . The  elution  time  of  this  ion 
indicates  it  is  only  present  in  base  peak  A. 
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Edman  sequencing  of  separated  S-peptides  is  required  for  the  conclusive  assignment  of 
modification  at  either  the  e-  or  a-amino  on  lys-1 . 

Subtilisin  Digest  of  Singly  SMPT-Modified  RNase  A 

In  order  to  increase  the  amount  of  RNase  A modified  at  a single  site,  the 
modified  RNase  A solution  was  separated  by  offline  HPLC  following  Bio-Rex  70 
chromatography.  HPLC  fractions  that  contained  only  singly  modified  RNase  A (peaks  A 
and  B)  were  collected  and  digested  by  subtilisin  (see  Figure  2-21  and  Figure  2-22). 
HPLC/ESI/QIT  mass  selection  of  ions  corresponding  to  unmodified  and  modified  S- 
peptide  and  unmodified  and  modified  S-protein  were  plotted  with  respect  to  elution  time. 
Offline  HPLC  peak  B digestion  resulted  in  the  presence  of  singly  modified  S-protein  with 
unmodified  S-peptide  (Figure  4-13).  This  result  was  expected  as  tryptic  digestion  in 
Chapter  3 showed  a high  propensity  for  modification  at  Lys-37.  Offline  HPLC  of  the 
peak  A digest  resulted  in  the  presence  of  unmodified  S-protein.  It  was  expected  that  the 
modified  S-peptide  would  be  present  because  the  sample  was  shown  to  be  singly 
modified  prior  to  digestion.  However,  peak  A showed  no  singly  modified  S-peptide,  m/z 
1220-[M  + 2H]2+,  as  well  as  no  unmodified  S-peptide,  m/z  1083-[M  + 2H]2+  (Figure  4-14). 
The  absence  of  the  modified  S-peptide  ion  (m/z  1220-[M  + 2H]2+)  indicated  that  either 
the  modification  had  been  cleaved  from  the  S-peptide  or  the  modified  S-peptide  had 
been  chemically  changed  to  an  ion  with  an  unidentified  mass. 

The  data  from  the  subtilisin  digest  does  not  directly  parallel  the  selectivity 
attributed  to  lysine  residues  from  the  tryptic  digest  in  Chapter  3,  again  indicating  the 
possibility  of  cleavage  and/or  chemical  alteration  in  the  electrospray  source  or  during  the 
subtilisin  digest. 


RT:  11.00  - 30.00 
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Figure  4-13.  HPLC/ESI-mass  chromatograms  of  SMPT-modified  RNase  A that  had  been  previously 
separated  by  offline  HPLC  to  remove  any  unmodified  or  multiply  modified  RNase  A.  The  sample  digested 
is  from  Figure  2-21,  peak  B.  Mass  selections  correspond  to  unmodified  and  singly  modified  S-peptides 
and  S-proteins  and  indicate  modification  on  the  S-protein  only. 


RT:  1100  - 30.00 
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Conclusion 

Cleavage  of  RNase  A by  subtilisin-Carisberg  has  been  quantified  by  HPLC/ESI- 
MS  and  has  been  shown  to  cleave  between  residues  20-21  and  residues  21-22  as 
previously  reported  in  the  literature,  but  also  between  residues  16-17, 18-19  and  19-20. 
Also  demonstrated  is  the  effect  of  chemical  modification  to  the  RNase  A substrate  at 
lysines  1 and  7 on  the  specificity  of  subtilisin.  Digestion  of  RNase  A with  subtilisin  was 
shown  to  result  in  cleavage  at  various  peptide  bonds  along  the  RNase  A backbone  with 
inconsistent  selectivity  for  each  peptide  bond  in  trials  with  the  same  reaction  conditions. 
Inconsistent  selectivity  was  also  found  for  SMPT-modified  S-peptide.  Such  a result  may 
enable  a higher  degree  of  understanding  in  experiments  that  exploit  the  S-peptide/S- 
protein  noncovalent  attraction  and  activity. 

Digestion  of  the  modified  and  unmodified  RNase  A by  subtilisin  followed  by 
examination  by  HPLC/ESI/QIT-MS  and  MS"  enabled  further  investigation  of  modification 
at  lysines  1 and  7.  MSn  on  singly  modified  S-peptide  indicated  modification  at  the  e-  and 
a-amine  positions  on  lysine  1 . 

SMPT-modification  at  Lys-1  was  not  predominant  in  the  subtilisin  digest  results 
as  it  was  in  the  tryptic  digest.  These  inconsistent  results  may  be  due  to  a chemical 
reaction  of  the  modified  S-peptide  during  subtilisin  digestion  or  in  the  electrospray 
source,  such  that  significant  amounts  of  modified  S-peptide  at  the  expected  m/z  are  not 
seen.  Despite  the  problems  encountered  in  mass  spectrometric  mapping  of  the 
modifications  on  RNase  A,  it  remains  a method  complementary  to  traditional 


sequencing. 


CHAPTER  5 

BIOCONJUGATION  OF  RNASE  A TO  A SYNTHETIC  COFACTOR: 

PRELIMINARY  WORK 


Introduction 


In  this  chapter,  preliminary  work  is  presented  on  two  different  strategies  for  the 
completion  of  RNase  A bioconjugated  to  a synthetic  cofactor.  The  first  strategy  involves 
the  use  of  singly  SMPT-modified  RNase  A prepared  in  chapter  2.  Despite  the  lack  of 
unequivocal  knowledge  of  the  site  of  modification  demonstrated  in  chapters  3 and  4, 
linkage  of  the  single  SMPT  modification  on  RNase  A to  a reagent  of  interest  is 
presented.  The  reagent  of  interest  is  a copper  dipyridylamine  cofactor  (Figure  5-1). 


Figure  5-1.  [(2,2’-dipyridylamine)Cu(OH2)2]2+,  metal  cofactor  to  be  bioconjugated  to 
RNase  A. 

Cisdiaquo-metal  complexes  have  shown  efficient  catalysis  for  hydrolysis  of 
activated  and  unactivated  esters  such  as  p-nitrophenyl  acetate  (175)  and  methyl  acetate 
(176),  respectively.  The  proposed  mechanism  involves  coordination  of  the  substrate  to 
the  metal  followed  by  intramolecular  metal  hydroxide  attack  on  the  metal-bound  ester 
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forming  a four-membered  ring  intermediate  (Figure  5-2).  This  bifunctional  activation 
allows  for  catalysis  in  hydrolysis  of  not  only  unactivated  esters,  but  also  for  nitriles, 
amides,  and  phospho-  mono,  di-  and  triesters  (176).  The  complex  [(2,2- 
dipyridylamine)Cu(OH2)2]2+  (Cu(DPA))  (Figure  5-1)  has  been  chosen  as  the  metal 
cofactor  complex  to  be  linked  to  RNase  A.  The  complex  binds  Cu2+  more  tightly  (K  = 
1.15  x 108  mol'1  L)  than  it  binds  H+(K  = 1.38  x 107  mol'1  L)  (177).  Therefore,  according 
to  Chin  et  al.  (178),  Cu2+  does  not  dissociate  from  the  2,2’-dipyridylamine  over  a wide  pH 
range.  Chin  et  al.  (1 76)  have  reported  1 05  — 1 06  rate  enhancement  by  the  complex  for 
ester  hydrolysis.  Thus,  its  covalent  attachment  to  RNase  A would  create  a semi- 
synthetic enzyme  with  potentially  novel  catalytic  properties  such  as  deoxyribonuclease 
activity  in  a system  that  is  normally  inhibited  by  DNA. 


Figure  5-2.  Substrate  coordinated  to  metal  complex,  [(2,2’-dipyridylamine)Cu(02H)], 
followed  by  possible  four-coordinate  intermediate. 

In  order  to  incorporate  the  Cu(DPA)  into  RNase  A,  2,2’-dipyridylamine  (DPA)  is 
first  functionalized  to  prepare  /V,/V-dipyridyl-4-amino-1-butanethiol  (DPA  thiol)  reagent 
without  copper  II  (see  Figure  5-3).  The  DPA  thiol  is  then  exchanged  with  the  SMPT 
modification  on  RNase  A at  the  SMPT  disulfide  to  covalently  link  the  DPA  to  RNase  A. 
A reaction  scheme  for  the  exchange  is  shown  in  Figure  5-3.  Once  the  DPA  has  been 
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linked  to  RNase  A,  the  complex  is  metallated  with  copper  II  for  completion  of  the 
bioconjugate.  Preliminary  work  toward  the  goal  of  the  final  assembly  of  the  bioconjugate 
is  presented  with  incorporation  of  DPA  into  the  singly  modified  SMPT-RNase  A and  its 
characterization  by  MALDI/TOF-MS  and  ESI/FTICR-MS. 


SMPT-modified  RNase  A /V,A/-dipyridyl-4-amino-1  - 

butanethiol  (DPA  thiol) 


Figure  5-3.  Reaction  scheme  for  the  exchange  of  the  SMPT  disulfide  for  the  N,N- 
dipyridyl-4-amino-1  -butanethiol  (DPA  thiol).  Pyridine-2-thione  is  released. 


The  second  strategy  employed  toward  the  goal  of  a bioconjugated  RNase  A 
involves  the  use  of  recombinant  techniques.  One  goal  of  the  research  described  in  past 
chapters  was  to  demonstrate  the  use  of  HPLC  and  mass  spectrometry  to  guide  and 
track  chemical  modification  of  a protein  for  the  development  of  a system  that  could  be 
bioconjugated  to  create  a semi-synthetic  enzyme.  In  general,  development  of 
successful  bioconjugation  systems  have  been  accomplished  through  chemical 
modification  of  a uniquely  modifiable  residue  occurring  naturally  in  a protein  or  by  the 
introduction  of  such  a residue  into  a protein  by  site-directed  mutagenesis  (179-189). 


117 


Chapters  2 through  4 described  the  isolation  and  purification  of  chemically 
modified  RNase  A.  HPLC  and  mass  spectrometry  were  used  to  guide  the  process  of 
development  of  this  system,  which  is  to  be  used  as  a base  for  bioconjugation.  Problems 
outlined  in  the  above  chapters  included  modification  at  various  sites  on  the  protein  that 
resulted  in  fractions  of  derivatized  RNase  A that  appeared  to  be  inseparable  by  standard 
chromatographic  methods  as  well  as  complexities  with  ESI/FTICR-MS  determination  of 
site  of  modification.  Such  problems  could  be  solved  by  choice  of  a different  base  protein 
with  fewer  sites  where  chemical  modification  may  occur  along  with  characterization  by 
traditional  sequencing  techniques  to  complement  analysis  by  mass  spectrometry. 

Development  of  a base  protein  to  function  as  a semi-synthetic  enzyme  can  also 
be  accomplished  through  site-directed  mutagenesis.  This  approach  has  been  used  by 
other  researchers  to  introduce  a residue  that  could  be  modified  exclusively,  eliminating 
the  possibility  of  protein  modification  at  different  individual  sites  and  with  multiple  reagent 
groups  on  a given  protein  molecule  (179-189).  As  a complement  to  the  chemical 
modification  and  characterization  of  RNase  A presented  above,  site-directed 
mutagenesis  has  been  used  to  introduce  a unique  residue,  which  can  be  later  ligated  to 
a functional  group  of  interest.  This  technique  circumvents  the  problem  of  multiple 
modifications  to  RNase  A with  chemical  modification  techniques  and  still  establishes  it 

as  a base  protein  system  for  bioconjugation. 

Site-directed  mutagenesis  is  a technique  used  to  engineer  proteins.  Protein 
synthesis  at  the  amino  acid  level  is,  as  yet,  generally  unsuccessful  due  to  the  lack  of 
understanding  of  the  compilation  of  forces  that  result  in  the  folding  of  a protein  into  its 
native  conformation.  One  approach  to  this  problem  has  been  to  copy  Nature  and  work 
at  the  level  of  DNA.  Mutation  of  the  gene  that  encodes  for  a protein  of  interest  results  in 
the  expression  of  the  mutation  translated  into  the  amino  acid  sequence  and  the 
substitution  of  the  target  residue  or  residues.  This  technique  of  synthesizing  the  DNA 
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that  contains  the  mutant  that  directs  the  amino  acid  mutation  was  first  presented  by 
Schott  and  Kossel  in  1973  (190).  Mutagenesis  at  a specific  position  in  a DNA  sequence 
was  reported  in  a landmark  paper  by  Hutchison  et  al.  (191).  Site-directed  mutagenesis 
theory  and  techniques  have  been  the  subject  of  many  reviews  including  those  by  Shortle 
(192,193),  Smith  (194),  Fersht  (195,196),  Knowles  (197)  and  Hutchison  etal.  (198). 

The  gene  that  encodes  for  RNase  A was  mutated  at  the  codon  for  the  target 
amino  acid,  phenylalanine-8,  into  the  codon  for  the  desired  mutant  amino  acid  residue, 
cysteine-8  (commonly  expressed  as  F8C).  Phenylalanine-8  was  selected  for  mutation 
because  of  its  proximity  to  the  active  site.  Covalent  linkage  of  DPA  to  a residue  at 
position  8 would  place  the  synthetic  cofactor  near  the  active  site  of  the  protein. 

Successful  positioning  of  the  DPA  may  result  in  its  participation  in  catalytic  activity  once 
metallated  with  Cu2+.  It  was  anticipated  that  mutation  of  phe-8  to  cys-8  would  be  starting 
point  from  which  to  pursue  different  mutations  based  on  the  ability  of  F8C  RNase  A to 
fold,  to  couple  to  the  DPA  and  to  bind  substrates.  The  reaction  scheme  for  linkage  of 
DPA  with  the  reagent  N,  /V-dipyridyl-4-amino-1 -butyl  2'-disulfide  (DPA  disulfide)  to  F8C 
RNase  A is  shown  in  Figure  5-4. 

The  characterization  techniques  of  MALDI/TOF-MS  were  used  for  preliminary 
characterization  of  the  recombinant  RNase  A.  Problems  commonly  associated  with  the 
use  of  site-directed  mutagenesis  as  a method  for  introduction  of  a uniquely  modifiable 
residue  for  bioconjugation  include  protein  folding  into  the  correct  conformation  for  activity 
and  low  yield  of  the  mutant.  Poor  folding  of  the  recombinant  protein  makes  further 
bioconjugation  pointless,  as  the  semi-synthetic  enzyme  usually  functions  through 
exploitation  of  the  natural  binding  capabilities  of  the  base  protein.  Low  yield  of  the 
recombinant  protein  severely  reduces  the  amount  of  semi-synthetic  enzyme  available  for 
characterization  by  crucial  kinetic  analyses  with  various  substrates  and  for  later 
evaluation  as  a potential  therapeutic  agent. 
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N,  A/-dipyridyl-4-amino-1 -butyl  \_j 
2'-disulfide  (DPA  disulfide) 


F8C  RNase  A cys-8 


F8C  RNase  A-DPA 


N,  A/-dipyridyl-4-amino- 1 - 
butanethiol  (DPA  thiol) 


Figure  5-4.  Reaction  scheme  for  the  coupling  of  cys-8  on  F8C  RNase  A with  N,  N- 
dipyridyl-4-amino-1 -butyl  2'-disulfide  (DPA  disulfide).  N, A/-dipyridyl-4-amino-1  -butanethiol 
(DPA  thiol)  is  released. 

Nevertheless,  the  utility  of  site-directed  mutagenesis  for  the  introduction  of  a 
uniquely  modifiable  residue  is  an  important  adjunct  to  the  chemical  modification  route 
used  in  previous  chapters  for  the  development  of  a base  protein  system  for 
bioconjugation.  Therefore,  preliminary  work  on  the  mutation  of  RNase  A,  F8C,  is 
described  with  characterization  of  the  recombinant  protein  by  MALDI/TOF-MS. 


Coupling  of  Singly  SMPT-Modified  RNase  A and  DPA  Thiol 

Singly  SMPT-modified  RNase  A that  was  prepared  in  chapter  2 was  coupled  to 
N,  A/-dipyridyl-4-amino-1 -butanethiol  (DPA  thiol),  which  had  been  synthesized  previously 
by  Celeste  Regino.  The  SMPT-modified  RNase  A was  dissolved  in  50  mM  EPPS  buffer, 
pH  8.0  (Sigma).  The  concentration  of  SMPT-modified  RNase  A was  approximated  to  be 
1 x 10  "®  M in  500  pL.  To  this  solution  was  added  the  DPA  thiol  (1  x 10"6  M,  500  pL  in 


Experimental  Procedures 


120 


methanol)  drop-wise  over  the  course  of  an  hour  under  nitrogen.  The  solution  was 
allowed  to  incubate  for  6 hours  at  room  temperature  with  stirring.  The  solution  was  then 
frozen  at  -80°C  and  stored  prior  to  analysis  by  MALDI/TOF-MS  and  HPLC/ESI/QIT-MS. 
Summary  of  PCR  Based  Mutaqensis  of  Ribonuclease  A F8C 

The  complete  experimental  procedure  for  the  mutagenesis  and  isolation  of 
RNase  A F8C  was  performed  by  Lee  Raley  and  is  described  in  detail  in  the  Appendix.  A 
summary  of  these  procedures  is  presented  here. 

The  mutant  ribonuclease  was  derived  from  the  wild  type  made  originally  by 
Monika  Huagg  (199-201)  in  a pET  23  B+  plasmid.  The  mutant  was  created  using  a 5' 
mutagenic  primer  (IDT  Corporation,  Coralville,  IA.),  creating  the  F8C.  The  polymerase 
chain  reaction  (PCR)  product  was  placed  into  a TOPO  PCR  2.1  vector  via  the  TOPO-TA 
kit  (Invitrogen,  Carlsbad,  CA).  The  plasmid  was  transformed  into  a TOPOIO  cell  and 
plated.  Colonies  were  selected  by  PCR.  Colonies  containing  the  correct  plasmid  were 
grown  overnight.  The  plasmid  was  harvested  using  a Wizard  Kit  (Promega,  Madison, 
Wl).  The  plasmid  was  digested  with  restriction  enzymes  Nde  I and  EcoRI  (New  England 
Biolabs,  Beverly,  MA).  The  RNase  A F8C  insert  was  isolated  by  gel  purification.  The 
insert  was  then  ligated  into  a Nde  I and  EcoRI  digested  pET  23  B+  vector  (Novagen, 
Madison,  Wl).  The  vector  was  transformed  into  BL21(DE3)pLysS,  Escherichia  coli  cells. 
The  cells  were  plated  on  Luria-Bertani  agar  with  ampicillin  (LB  amp)  (Fisher,  Springfield, 
NJ).  The  colonies  were  selected  by  PCR.  Cells  were  grown  in  10  mL  of  LB  amp  broth. 
Two  milliliters  of  the  10  mL  culture  were  used  to  inoculate  800  mL  of  Luria-Bertani*  (LB*) 
media  (Fisher).  The  rest  was  used  to  make  glycerol  cultures.  The  culture  was  grown  at 
37°C  until  the  optical  density  at  600  nm  (A600)  was  0.6,  followed  by  the  addition  of  0.4 
mM  isopropyl-|3-D-thiogalactopyranoside  (IPTG)  (Sigma,  St.  Louis,  MO).  The  culture 
continued  to  grow  for  four  hours.  The  cells  were  harvested  by  centrifugation  and  lysed 
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by  french  press.  The  inclusion  bodies  were  collected  by  centrifugation.  They  were  then 
denatured  and  purified  by  carboxymethyl  cationic  exchange  chromatography.  The 
protein  was  refolded  in  glutathione  buffer  (Sigma)  and  concentrated.  The  protein  was 
then  placed  on  a uridine  2',  5’-and  3',  5’-diphosphate-agarose  (pUp-agarose)  (Sigma) 
column  and  purified.  The  RNase  fractions  were  pooled,  concentrated  and  lyophilized 
followed  by  storage  at  -6°C. 

Digestion  of  F8C  RNase  A 

F8C  RNase  A was  digested  with  subtilisin-Carlsberg  as  described  for  native  and 
modified  RNase  A in  chapter  4.  F8C  RNase  A was  dialyzed  against  ammonium 
bicarbonate,  0.1  M,  pH  8.0  prior  to  digestion  to  remove  tris  salts. 

Coupling  of  F8C  RNase  A and  DPA  Disulfide 

F8C  RNase  A was  coupled  to  N,  A/-dipyridyl-4-amino-1 -butyl  2'-disulfide  (DPA 
disulfide),  which  had  been  synthesized  previously  by  Celeste  Regino.  F8C  RNase  A 
was  dissolved  in  50  mM  EPPS  buffer,  pH  8.0  (Sigma).  The  high  concentration  of  tris 
salts  in  the  lyophilized  sample  were  removed  by  Amicon  filtration  (MW  cutoff  = 1000) 
against  EPPS  buffer.  The  concentration  of  F8C  RNase  A was  approximated  to  be  1 x 
10  ^ M in  800  pL.  This  solution  was  added  drop-wise  over  the  course  of  an  hour  to  the 
ligand,  DPA  disulfide,  which  was  in  excess  and  dissolved  in  200  pL  acetonitrile  under 
nitrogen.  The  solution  was  allowed  to  incubate  for  24  hours  at  room  temperature  with 
stirring.  Subsequently,  the  acetonitrile  was  removed  by  evaporation  under  nitrogen  and 
methanol  was  added  until  all  precipitate  dissolved.  The  solution  was  then  frozen  at  -6°C 
and  stored  prior  to  analysis  by  HPLC/ESI/QIT-MS. 

MALDI/TOF-MS 

MALDI/TOF-MS  data  were  collected  by  David  H.  Powell.  MALDI/TOF- 
MS  data  were  acquired  by  using  a PerSeptive  Voyager  DE-Pro  Mass  Spectrometer  (PE 
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Biosystems,  Framingham,  MA)  with  a 337  nm  nitrogen  laser  am  in  a linear  mode.  The 
matrix  used  was  3,5-dimethoxy-4-hydroxy  cinnamic  acid  (sinapinic  acid)  (Sigma,  St. 

Louis,  MO).  The  sinapinic  acid  matrix  was  prepared  in  acetone  containing  0.1%  TFA. 

Two  pL  of  matrix  was  applied  to  the  MALDI  plate  followed  by  2 pL  of  sample.  The 
samples  were  either  spotted  directly  on  the  dried  matrix  (when  in  50%  methanol  / 50% 
H20  with  0.1%  TFA  added)  or  spotted  after  desalting  by  chromatography  using 
ZipTips™,  C-18,  (Millipore,  Bedford,  MA).  A ZipTip™  was  used  to  desalt  samples  by  first 
wetting  the  tip  resin  with  5 pL  of  acetonitrile  followed  by  rinsing  two  times  with  5 pL  each 
of  0.1%  TFA  in  H20.  Two  pL  of  sample  was  then  loaded  onto  the  ZipTip™  followed  by 
rinsing  with  2 pL  of  0.1%  TFA  in  H20.  The  sample  was  then  eluted  onto  the  MALDI 
plate  on  top  of  the  dried  matrix  with  2 pL  of  50%  acetonitrile  / 50  % H20  with  0.1%  TFA 
added. 

HPLC/ESI/QIT-MS 

H P LC/ES l/Q IT-MS  data  were  collected  by  Jodie  V.  Johnson.  HPLC/ESI-MS  and 
data  were  collected  as  described  in  chapter  4 with  changes  detailed  here.  A binary 
HPLC  mobile  phase  system  was  used:  buffer  A consisted  of  1%  acetic  acid  (Fisher)  and 
20  mM  ammonium  acetate  (Sigma)  in  H20,  while  buffer  B was  0.5%  acetic  acid  in 
49.75%  methanol  and  49.75%  isopropanol  (all  Fisher).  Chromatographic  separation 
was  achieved  with  a Waters  (Milford,  MA)  Symmetry  Shield  3p,  RP-18  column  (2.1  mm 
i d.  x 150  mm;  with  a guard  column).  The  elution  gradient  was  as  follows:  0 min 
(A:B=95:5),  5 min  (A:B=95:5),  20  min  (A:B=70:30),  30  min  (A:B=65:35),  40 
min(A:B=5:95);  55  min  (A:B=5:95);  65  min  (A:B=95:5) ; 80  min  (A:B=95:5).  The  gradient 
flow  was  0.2  mL/min  and  the  column  effluent  was  not  split  prior  to  the  ESI  source. 
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Results  and  Discussion 

Strategy  1:  Coupling  of  SMPT-Modified  RNase  A to  DPA  Thiol 

The  incorporation  of  a synthetic  metal  cofactor  into  RNase  A would  create  a 
bioconjugate  with  potentially  novel  catalytic  properties,  possibly  enhancing  the  activity  or 
altering  it  through  the  cleavage  of  new  substrates.  The  cofactor  [(2,2’- 
dipyridylamine)Cu(OH2)2]2+  (Cu(DPA))  was  selected  to  be  covalently  linked  to  RNase  A. 
For  this  purpose,  the  non-metallated  complex,  2,2’-dipyridylamine,  was  functionalized  by 
Celeste  Regino  to  form  the  butanethiol  derivative,  N,  N-dipyridyW-amino-1-butanethiol 
(DPA  thiol).  The  DPA  thiol  was  then  to  be  exchanged  with  the  pyridine  thiol  ring  on 
SMPT-modified  RNase  A.  In  order  to  form  a well-characterized  bioconjugate,  the 
SMPT-modified  RNase  A to  which  the  DPA  thiol  would  be  linked  should  be 
homogeneous  in  number  and  location  of  SMPT  modification.  Experimental  results  in 
chapters  2,  3 and  4 demonstrated  that  the  high  number  of  modifiable  residues  in  RNase 
A along  with  the  low  selectivity  of  the  SMPT  reagent  resulted  heterogeneous 
modification.  Despite  multi-dimensional  separations,  experimental  results  were 
consistent  with  heterogeneous  modification  in  fractions  of  RNase  A that  were 
demonstrated  to  contain  only  singly  modified  protein. 

Despite  the  heterogeneity  of  the  singly  SMPT-modified  RNase  A,  the  ability  to 
incorporate  the  2,2’-dipyridylamine  cofactor  was  pursued.  Reaction  conditions  for  the 
coupling  were  varied  with  respect  to  organic  solvent  to  aqueous  solvent  ratios,  choice  of 
organic  and  aqueous  solvents,  buffer  concentration,  concentration  of  reactants,  delivery 
system  of  the  DPA  thiol,  and  reaction  time.  The  conditions  described  in  the 
experimental  section  resulted  in  successful  exchange  of  the  pyridine  thiol  ring  on  the 
SMPT  with  the  DPA  thiol.  MALDI/TOF-MS  was  used  to  demonstrate  the  mass  change 
from  singly  SMPT-modified  RNase  A (Figure  5-5)  to  RNase  A coupled  to  a single  DPA 
through  the  SMPT/butyl  linker  (Figure  5-6). 
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Figure  5-5.  MALDI/TOF-MS  of  singly  SMPT-modified  RNase  A.  M/z 
13949.05-[M  + H]1+  corresponds  to  the  single  addition  of  SMPT  to  RNase  A.  The 
sample  was  separated  first  on  Bio-Rex  70  resin  followed  by  HPLC. 
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Figure  5-6.  MALDI/TOF-MS  of  singly  SMPT-modified  RNase  A coupled  to  DPA  thiol. 
M/z  14095.28-[M  + H]1+  and  m/z  7037.03-[M  + 2H]2+  correspond  to  the  exchange  of  one 
DPA  thiol  for  one  pyridine-2-thione  on  the  single  SMPT  coupling  reagent  linked  to 
RNase  A.  The  small  peaks  on  either  side  of  the  major  peak  are  unidentified,  yet  RNase 
A related. 
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The  expected  m/z  for  a single  SMPT  modification  was  13954.34-[M  + H]1+  in 
Figure  5-5.  The  measured  value  was  found  to  be  m/z  13949.05-[M  + H]1+.  The  mass 
accuracy  for  mass  values  in  this  range  was  approximately  ± 0.1%  or  ± 13  Da.  The  mass 
accuracy  was  good  enough  to  detect  the  changes  in  m/z  for  the  modifications  of  interest. 
The  MALDI/TOF-MS  mass  accuracy  was  offset  by  the  high  sensitivity  to  picomole/pL  or 
lower  quantities  of  protein. 

In  Figure  5-6,  the  coupling  of  the  DPA  thiol  to  the  single  SMPT-modified  RNase  A 
was  demonstrated  by  the  intense  peak  at  m/z  14095. 28-[M  + H]1+  and  the  corresponding 
peak  at  m/z  7037.03-[M  + 2H]2+.  The  expected  value  for  a DPA  thiol  addition  to  singly 
SMPT-modified  RNase  A was  m/z  14098.53-[M  + H]1+.  These  results  show  the 
incorporation  of  a single  DPA  complex  into  RNase  A. 

HPLC/ESI/QIT-MS  was  also  used  to  observe  the  singly  SMPT-modified  RNase  A 
and  the  fraction  that  had  been  coupled  to  the  DPA.  First,  the  singly  SMPT-modified 
RNase  A was  examined.  Multiply  protonated  ions  were  found  as  shown  in  Figure  5-7 
with  [M  + 7H]7+ being  the  most  intense.  No  native  or  multiply  SMPT-modified  RNase  A 
were  detected  during  the  HPLC  elution.  The  mass  change  for  one  SMPT  modification  to 
native  RNase  A is  273.3  Da,  corresponding  to  an  m/z  change  of  39.0  at  [M  + 7H]7+. 
Second,  the  singly  SMPT-modified  RNase  A coupled  to  DPA  was  examined  as  shown  in 
Figure  5-8.  Again,  multiply  protonated  ions  were  found  with  [M  + 8H]8+  as  the  most 
intense  ion.  The  mass  change  for  one  SMPT  coupled  to  DPA  is  417.5  Da, 
corresponding  to  an  m/z  change  of  52.2  at  [M  + 8H]8+.  These  results  demonstrate  once 
again  the  incorporation  of  a single  DPA  complex  into  RNase  A. 

Strategy  2:  Characterization  of  F8C  RNase  A by  MALDI/TOF-MS 

The  second  strategy  for  the  assembly  of  a bioconjugated  RNase  A is  the 
introduction  of  a uniquely  modifiable  residue  by  site-directed  mutagenesis.  Subsequent 
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Figure  5-8.  HPLC/ESI/QIT-MS  of  singly  SMPT-modified  RNase  A linked  to  DPA  at  [M+5H] 5+,  [M+6H] 6+,  [M+7H] 7+, 
[M+8H]8+  [M+9H]  9+and  [M+10H]10+  states.  The  expected  value  for  [M+8H]8+was  m/z  1763.32  with  a measured  value 

of  m/z  1763.3-[M+8H]S+. 
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linkage  of  the  mutated  residue,  in  this  case  cysteine-8  to  the  synthetic  cofactor,  2,2- 
dipyridylamine  through  disulfide  exchange  would  allow  for  the  incorporation  of  the  DPA 
into  RNase  A at  a known  location.  Because  of  low  yield  of  the  F8C  RNase  A,  the  high 
sensitivity  of  MALDI/TOF-MS  was  needed  for  detection  of  the  mutant.  The  isolation  of 
the  F8C  RNase  A was  verified  by  the  MALDI/TOF-mass  spectrum  shown  in  Figure  5-9. 
The  expected  m/z  value  for  the  F8C  mutant  was  13769.2-[M  + H]1+.  The  experimental 
m/z  values  were  found  to  be  13769.7-[M  + H]1+  and  6888. 1-[M  + 2H]2+.  These  m/z 
values  reflect  the  loss  of  phenylalanine  and  gain  of  cysteine  and  methionine.  Methionine 
is  located  at  the  N-terminus  of  the  protein  as  a result  of  the  expression  of  the  protein  in  a 
prokaryotic  cell  line. 

Digestion  of  F8C  RNase  A by  subtilisin  was  performed  as  described  in  chapter  4 
for  native  RNase  A.  Cleavage  of  F8C  RNase  A into  the  F8C-S-peptide  and  S-protein 
followed  by  HPLC/ESI/QIT-MS  would  allow  for  the  separation  of  the  two  polypeptides 
with  subsequent  CID  fragmentation  of  the  F8C-S-peptide  ion.  Difficulty  in 
HPLC/ESI/QIT-MS  analysis  of  the  digested  F8C  RNase  A was  the  result  of  the 
exceptionally  low  concentration  (<  10~12  mol/pL)  of  F8C  RNase  A.  Analysis  of  the 
digested  F8C  RNase  A by  MALDI/TOF-MS  was  attempted  and  was  unsuccessful. 

Linkage  of  the  DPA  to  F8C  RNase  A was  attempted  as  shown  in  Figure  5-4. 
Analysis  by  HPLC/ESI/QIT-MS  and  MALDI/TOF-MS  did  not  determine  whether  the 
exchange  was  successful  for  the  reason  of  low  concentration  noted  above.  Once  again, 
a higher  initial  concentration  of  F8C  RNase  A would  allow  for  the  success  of  the  coupling 
reaction  to  be  determined. 


Conclusion 

Despite  the  heterogeneity  of  fractions  containing  singly  SMPT-modified  RNase  A, 
the  coupling  of  the  modified  protein  to  a synthetic  cofactor,  DPA  was  demonstrated.  The 
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Figure  5-9.  MALDI/TOF-MS  of  F8C  RNase  A.  M/z13769.7-[M  + H]1+  and  6888.1- 
[M+2H]2+  correspond  to  F8C  RNase  A.  The  expected  value  for  [M  + H]1+ was  m/z 
13769.2.  These  m/z  values  reflect  the  loss  of  phenylalanine  and  gain  of  cysteine  and 
methionine. 


131 


ability  to  incorporate  the  DPA  illustrates  the  assembly  of  a bioconjugate.  This  example 
may  be  applied  to  other  proteins  with  fewer  sites  of  modification  and/or  with  a 
modification  reagent  with  increased  specificity  to  create  a semi-synthetic  system  that 
may  possess  novel  catalytic  activity. 

The  use  of  a recombinant  protein  such  as  F8C  RNase  A represents  another 
possibility  for  the  assembly  of  a bioconjugate.  The  isolation  of  F8C  RNase  A has  been 
demonstrated.  Despite  this  positive  result  obtained  from  MALDI/TOF-MS  analysis, 
detection  of  neither  digested  nor  coupled  F8C  RNase  A was  achieved.  While  higher 
concentrations  of  F8C  RNase  A to  be  digested  would  solve  the  detection  problem  seen 
with  mass  spectrometric  analysis,  low  concentrations  of  recombinant  protein  is  a 
limitation  inherent  to  site-directed  mutagenesis  and  that  presents  a challenge  to  the  use 
of  a recombinant  protein  as  a base  system  for  bioconjugation. 


CHAPTER  6 

GENERAL  CONCLUSIONS 


The  design  of  functional  enzymes  has  long  been  a goal  of  medical  and 
biochemical  research.  The  ability  to  synthesize  an  “artificial”  enzyme  to  perform  a 
reaction  with  the  specificity  and  rate  of  a natural  enzyme  would  introduce  revolutionary 
advances  in  industrial  and  pharmaceutical  product  development.  Because  the  complex 
factors  that  contribute  to  enzyme  activity  are  not  yet  reproducible  by  synthetic  means, 
the  goal  of  an  artificial  enzyme  remains  elusive. 

Research  efforts  toward  this  goal  have  incorporated  many  different  strategies. 
One  strategy  has  been  the  incorporation  of  a synthetic  catalytic  cofactor  into  a naturally 
occurring  enzyme  in  an  attempt  to  alter  or  enhance  its  activity,  resulting  in  a “semi- 
synthetic enzyme.”  Introduction  of  such  a cofactor  has  been  generally  approached  by 
different  methods  including  chemical  modification.  This  method  has  been  accomplished 
by  modification  at  a unique  residue  in  a given  protein  system  that  results  in  linkage  of  the 
cofactor  to  that  residue  exclusively.  Because  enzymes  with  a uniquely  modifiable 
residue  are  few,  introduction  of  such  a residue  by  site-directed  mutagenesis  expands  the 
number  of  base-protein  systems  that  can  be  exploited. 

Another  method  of  chemical  modification  is  the  modification  of  a protein  that 
does  not  possess  a uniquely  modifiable  residue  followed  by  separation  of  the  reaction 
products  to  obtain  fractions  that  contain  protein  that  has  been  modified  at  a known  site. 
The  system  can  then  be  used  as  a bioconjugate,  incorporating  the  cofactor  of  interest 
into  the  protein.  This  approach  allows  for  the  exploitation  of  many  proteins  as  base 
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systems  for  modification  and  theoretically  presents  the  possibility  of  having  many 
variations  of  the  same  base-enzyme  system  with  the  cofactor  at  different  locations. 

The  research  presented  in  this  dissertation  represents  the  method  development 
for  the  preparation  and  characterization  of  an  enzyme  as  potential  bioconjugate  system. 
The  enzyme  used  for  the  method  development  was  bovine  pancreatic  ribonuclease  A 
(RNase  A).  Because  RNase  A is  a well-characterized  and  readily  available  enzyme,  it 
was  suitable  for  the  development  of  bioanalytical  methods  that  may  be  applied  to  other 
chemically  modified  enzymes. 

Chapter  two  focused  on  the  selection  of  a reagent  with  which  to  modify  RNase  A. 
The  first  reagent  chosen  was  Traut’s  reagent,  2-iminothiolane.  Mass  spectrometric 
analysis  demonstrated  extensive  modification  of  RNase  A by  Traut’s  reagent  under 
various  reaction  conditions.  Covalent  linkage  of  the  Traut’s  reagent  to  an  RNase  A 
lysine  residue  resulted  in  the  retention  of  positive  charge  at  the  modification  site,  making 
the  necessary  separations  by  available  means  difficult.  For  these  reasons,  NHS-acetate 
was  used  as  the  next  reagent  for  RNase  A modification. 

NHS-acetate  neutralizes  lysine  residues  upon  modification  of  RNase  A,  making 
separation  of  the  derivatized  product  by  ion-exchange  chromatography  possible.  The 
acetate-modified  RNase  A was  then  used  to  develop  a chromatographic  separation 
procedure  for  obtaining  fractions  of  RNase  A modified  with  different  numbers  of  acetate. 
Mass  spectrometry  was  used  to  verify  the  extent  of  modification  of  the  separated, 
derivatized  protein,  thereby  demonstrating  the  possibility  of  isolating  singly  modified 
RNase  A. 

Reagents  with  further  functionality,  N-succinimidyl-3-[2-pyridyldithio]propionate 
(SPDP)  and  4-succinimidyloxycarbonyl-methyl-e-[2-pyrdyldithio]-toluene  (SMPT)  were 
then  used  to  modify  RNase  A.  Both  reagents  appeared  to  have  similar  reactivity  with 
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RNase  A lysine  residues  as  did  NHS-acetate.  Difficulty  in  determination  of  mass 
changes  upon  modification  with  SPDP  by  mass  spectrometric  analysis  made  SMPT  the 
final  reagent  of  choice  for  developing  the  base-protein  system  for  future  bioconjugation. 

The  chromatographic  procedures  developed  for  the  acetate-modified  RNase  A 
were  used  to  separate  the  SMPT-modified  RNase  A.  Mass  spectrometric  analysis 
demonstrated  that  the  highest  abundance  of  modified  RNase  A was  in  the  form  of  single 
SMPT  additions.  Analysis  of  chromatographically  separated  SMPT-modified  RNase  A 
showed  the  isolation  of  fractions  that  contained  predominantly  singly  modified  RNase  A, 
but  suggested  modification  had  occurred  at  different  locations.  A second  dimension  of 
separation  was  added  by  the  use  of  HPLC  (offline).  Mass  spectrometric  analysis  clearly 
showed  isolation  of  singly  SMPT-modified  RNase  A.  Examination  of  the  location  of 
modification  was  the  subject  of  the  next  two  chapters. 

The  focus  of  chapter  three  was  the  mapping  of  SMPT  modifications  to  RNase  A 
by  using  tryptic  digestion  and  mass  spectrometric  analysis  of  the  partial  peptide 
sequence  digest  products.  Digestion  was  performed  first  on  the  unseparated  SMPT- 
RNase  A digestion  products  along  with  a native  control  to  examine  the  selectivity  of  the 
different  lysine  residues  for  the  SMPT  reagent  under  the  reaction  conditions  used. 
Analysis  of  native  and  modified  RNase  A tryptic  digests  by  ESI/FTICR-MS  resulted  in 
the  identification  of  the  sites  of  modification.  Semi-quantitative  results  of  the  reactivity  of 
certain  lysine  residues  toward  the  coupling  reagent  SMPT  were  possible.  Two  sites 
(lysines  1 and  37)  were  highly  reactive,  while  three  sites  (lysines  41,  61  and  104) 
appeared  to  be  unreactive  under  the  conditions  used. 

Difficulty  in  using  ESI/FTICR-MS  as  the  sole  means  of  determining  relative 
abundances  of  modified  and  unmodified  peptide  segments  became  apparent,  including 
the  possible  neutralization  of  certain  peptide  segments  in  the  electrospray  source  either 
in  the  solution/droplet  phase  or  the  gas  phase.  The  problems  that  arose  in  relating 
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ESI/FTICR-MS  relative  ion  abundance  in  the  gas  phase  to  relative  concentration  in 
solution  became  apparent  with  data  analysis.  The  issues  discussed  in  chapter  three 
convey  the  caution  that  must  be  taken  when  attempting  to  make  such  a relation.  This 
statement  was  supported  by  the  second  digestion  that  was  performed  on  SMPT- 
modified  RNase  A that  had  been  further  separated  by  offline  HPLC.  Before  digestion, 
the  sample  was  shown  to  contain  only  singly  modified  RNase  A by  ESI/FTICR-MS. 
Following  digestion,  however,  experimental  results  were  consistent  with  heterogeneity 
with  respect  to  modification  site. 

However,  the  analytical  technique  did  result  in  the  collection  of  semi-quantitative 
data  and  allowed  for  characterization  of  the  chemical  modification  of  RNase  A with 
SMPT.  Demonstrated  by  this  method  was  that  predominant  modification  occurred  at  two 
sites,  lysines  1 and  37.  Due  to  their  close  proximity  to  each  other,  modification  at  these 
sites  would  make  separation  by  ion-exchange  chromatography  difficult,  and  this  was  not 
achieved  in  the  work  presented  above. 

Further  mapping  of  SMPT  modified  RNase  A was  attempted  by  proteolytic 
digestion  with  subtilisin  followed  by  HPLC/ESI/QIT-MS  analysis,  and  this  was  the  subject 
of  chapter  four.  Before  digestion  of  SMPT-modified  RNase  A was  attempted,  the 
specificity  of  cleavage  by  subtilisin  for  RNase  A peptide  bonds  was  evaluated.  It  was 
demonstrated  by  HPLC/ESI/QIT-MS  analysis  that  significant  cleavage  (up  to  14%  ± 3%) 
occurred  at  peptide  bonds  other  than  the  main  cleavage  site  between  residues  20  and 
21 . This  cleavage  at  various  amide  bonds  was  found  with  SMPT-modified  RNase  A as 
well. 

Examination  of  the  SMPT-modified  RNase  A by  digestion  with  subtilisin 
demonstrated  again  that  modification  occurred  at  various  locations  on  the  protein. 
Because  the  results  of  the  tryptic  digest  had  shown  that  significant  modification  had 
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occurred  at  lysine  1,  one  of  the  subtilisin  digestion  products,  modified  S-peptide 
(residues  1-20),  was  evaluated  by  HPLC/ESI/QIT-MSn.  The  ion  that  corresponded  to  a 
single  SMPT  modification  to  the  S-peptide  was  m/z  1220  [M  + 2H]2+.  This  ion  was 
shown  to  elute  at  three  different  retention  times  on  reverse-phase  HPLC.  Each  ion 
corresponding  to  the  different  retention  times  was  fragmented  separately  by  CID  as  well 
as  the  unmodified  S-peptide.  Subsequent  analysis  of  their  fragmentation  spectra 
revealed  that  each  ion  at  a given  retention  time  possessed  SMPT  modification  at  a 
different  site,  either  a-lysine  1 , e-lysine  1 or  e-lysine  7.  Such  an  analysis  demonstrated 
the  capability  of  mass  spectrometry  to  provide  in  depth  sequencing  information  on  a 
target  peptide. 

While  chapters  three  and  four  examined  the  reaction  product  of  the  SMPT 
modification  of  RNase  A,  chapter  five  focused  on  further  assembly  of  the  bioconjugate. 
Despite  the  lack  of  isolation  of  RNase  A that  had  been  modified  by  SMPT  at  a specific 
lysine  residue,  it  was  useful  to  demonstrate  the  incorporation  of  a synthetic  cofactor  into 
the  RNase  A.  Fractions  of  RNase  A that  were  shown  to  contain  singly  SMPT-modified 
RNase  A,  while  heterogeneous  with  respect  to  site  of  modification,  were  linked  to  the 
synthetic  cofactor,  DPA  thiol.  The  thiol  exchange  of  the  DPA  thiol  reagent  with  pyridine- 
2-thione  resulted  in  the  covalent  attachment  of  DPA  to  RNase  A through  the  SMPT/butyl 
linkage,  which  was  demonstrated  by  MALDI/TOF-MS  and  HPLC/ESI/QIT-MS.  The 
success  of  this  reaction  illustrates  the  possibility  of  the  incorporation  of  a cofactor  into  a 
protein  through  a chemically  modified  residue.  The  next  step  in  the  bioconjugate 
development  will  be  the  addition  of  Cu2+  to  the  DPA  cofactor.  Evaluation  of  the 
metallated  semi-synthetic  system  will  be  accomplished  through  kinetic  analyses  with 


various  substrates. 
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As  a complement  to  the  chemical  modification  of  RNase  A,  preliminary  work  was 
begun  on  the  characterization  of  RNase  A that  had  been  mutated  by  site-directed 
mutagenesis.  This  approach  to  the  introduction  of  a uniquely  modifiable  residue  was 
also  a focus  of  chapter  five.  The  success  of  the  isolation  of  a recombinant  RNase  A, 

F8C,  was  demonstrated  by  MALDI/TOF-MS.  Further  characterization  of  F8C  RNase  A 
was  pursued  in  this  chapter  but  was  unsuccessful  due  to  low  concentrations  of  the 
recombinant  protein.  The  same  problem  prevented  analysis  of  the  F8C  RNase  and  DPA 
disulfide  reaction  products.  However,  this  problem  can  be  overcome  with  increased 
concentrations  of  F8C  RNase  A.  Another  possibility  is  mutation  of  RNase  A at  a residue 
other  than  phe-8.  Such  a mutation  may  give  the  recombinant  protein  more  stability, 
maintain  native  conformation  and/or  place  the  synthetic  cofactor  in  a more 
advantageous  location  with  respect  to  the  active  site.  The  recombinant  RNase  A is 
another  example  of  a strategy  that  may  be  used  to  develop  a novel  bioconjugate. 

While  the  goal  of  isolating  an  RNase  A sample  that  had  been  modified  by  SMPT 
at  a single  known  site  was  not  achieved,  the  methods  developed  to  reach  this  conclusion 
may  be  used  for  other  protein/chemical  reagent  systems  that  may  have  potential 
applications  as  a catalytically  active  bioconjugate.  A base  protein  may  be  chosen  that 
has  fewer  modifiable  groups  than  RNase  A (1 1 nucleophilic  residues)  along  with  a 
modification  reagent  that  has  a more  limited  specificity  than  the  general  reagent  SMPT. 
The  ability  to  incorporate  a synthetic  cofactor  into  the  protein  through  either  a chemically 
modified  residue  or  a residue  mutated  by  recombinant  techniques  represents  a method 
for  the  development  of  other  bioconjugates  that  may  possess  novel  catalytic  properties 
with  potential  therapeutic  applications. 


APPENDIX 

EXPERIMENTAL  PROCEDURE  FOR  MUTAGENESIS 
OF  RIBONUCLEASE  A F8C  PERFORMED 
BY  LEE  RALEY 

PCR  Mutagenesis 

Polymerase  chain  reaction  (PCR)  primers  containing  the  needed  mutagenic  sites 
were  purchased  from  IDT  Corporation  (Coralville,  IA). 

5'  primer  with  Nde  I site  cat  atg  aaa  gaa  act  gca  gca  gca  aaa  tgt  gaa  aga  caa 
3'  primer  with  2 TAG  eta  eta  cac  aga  tgc  gtc  aaa  gtg  aac  egg 

The  pET  23  RNase  A vector  (Novagen,  Madison,  Wl)  was  added  to  a PCR  tube 
containing  200  pmols  of  primers,  10  pL  of  buffer  with  MgCI2,  0.3mM  of  deoxynucleotide 
triphosphates  (DNTPs)  (Promega,  Madison,  Wl),  and  5 units  of  Red  Taq  (Sigma,  St. 
Louis,  MO).  Sterile  water  was  added  to  100  pL.  A standard  PCR  procedure  was 
followed  without  a hot  start. 

TOPO  TA 

A TOPO-TA  Kit  was  purchased  from  Invitrogen  (Carlsbad,  CA).  Two  pL  of  PCR 
was  added  to  one  pL  of  TOPO-TA  solution  with  2 pL  of  sterile  water.  The  mixture  was 
left  at  room  temperature  for  5 minutes.  Then  it  was  placed  on  ice.  TOPOIO  cells 
(Escherichia  coli)  were  transformed  by  the  addition  of  (3-mercaptoethanol  (Sigma) 
followed  by  heat  shock.  The  cells  were  incubated  in  a shaker  at  37°C  with  SOC  media 
(20  g Bacto-tryptone,  5g  Bacto-yeast  extract,  .5g  NaCI,  20mM  glucose,  Sigma)  ImLfor 
30  minutes  and  were  then  plated  on  Luria-Bertani  (LB)  agar  with  amp  (Fisher, 
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Springfield,  NJ).  Colonies  were  isolated  and  tested  for  insert  by  PCR.  These  colonies 
were  then  grown  for  plasmid  isolation. 

Amplification  and  Isolation  of  Double  Stranded  DNA 

Double  stranded  plasmids  were  isolated  using  the  Wizard  Plus  Minipreps  DNA 
Purification  System  (Promega).  The  procedures  suggested  by  the  manufacturer  were 
strictly  followed.  An  overnight  culture  (ONC,  5 mL)  was  centrifuged  (3800  rpm,  10  min, 
4°C)  The  harvested  cells  were  resuspended  in  cell  suspension  solution  (400  pL)  and 
transferred  to  an  Eppendorf  tube  (Westbury,  NY).  Cell  lysis  solution  (400  pL)  was  added 
and  the  tube  inverted  four  times  until  the  solution  cleared.  The  cell  debris  was  separated 
from  the  solution  by  centrifugation  (micro  centrifuge,  11000  rpm,  5 min,  room 
temperature).  Meanwhile,  the  syringe  barrel  was  attached  via  the  luer  lock  adapter  to 
the  mini  column,  which  in  turn  was  mounted  on  a vacuum  manifold.  Resuspended  resin 
(1  mL)  was  pipetted  into  the  column  followed  by  the  supernatant  obtained  above.  The 
resin  / lysate  mixture  was  then  drawn  through  the  mini  column  by  applying  a vacuum. 
The  vacuum  was  applied  for  another  30  s after  all  the  solution  had  flown  through.  In  all 
cases,  column  wash  solution  (2  mL)  was  drawn  through,  and  the  column  was  dried  by 
applying  the  vacuum  for  30  seconds.  The  mini  column  was  removed  from  the  barrel, 
transferred  onto  an  Eppendorf  tube  and  centrifuged  (micro  centrifuge,  11000  rpm,  2 min, 
room  temperature).  The  minicolumn  was  transferred  on  another  Eppendorf  tube  and 
filled  with  water  (50  mL).  Plasmid  DNA  was  eluted  by  centrifuging  (micro  centrifuge, 
11000  rpm,  20  s,  room  temperature).  The  mini  column  was  discarded  and  the  DNA 

concentration  determined  by  UV-vis,  X.260 
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Restriction  Digest 

Two  ng  of  plasmid  DNA  was  digested  with  Nde  I and  EcoRI  restriction  enzymes 
in  EcoRI  buffer  (New  England  Biolabs,  Beverly,  MA  ).  Two  ng  of  DNA  was  placed  in  a 
PCR  tube  with  2 microliters  of  EcoRI  buffer.  Two  pL  of  Nde  I and  EcoRI  was  added. 
Sterile  water  was  added  to  20  pL.  The  solution  was  allowed  to  incubate  for  four  hours  at 
room  temperature. 

Gel  Purification 

An  agarose  gel  (1%)  was  prepared  by  mixing  agarose  (0.5  g)  and  1 x tris  acetic 
acid  EDTA  (TAE)  buffer  (50  mL)  (Sigma).  The  suspension  was  heated  in  a microwave 
oven  until  the  agarose  was  completely  dissolved.  Then,  ethidium  bromide  (5  mL) 
(Sigma)  was  added,  the  solution  (25  mL)  poured  into  a gel  electrophoresis  chamber  and 
was  left  to  polymerize.  1 x TAE  (50  mL)  was  used  as  running  buffer.  The  samples  were 
mixed  with  5 x loading  buffer  and  loaded  on  the  agarose  gel.  The  electrophoresis  was 
run  at  4 V / cm  until  the  bromophenol  blue  (Sigma)  bands  reached  the  middle  of  the  gel. 
Bands  were  isolated  by  detection  with  a UV  / vis  light  followed  by  cutting  from  the  gel. 
The  band  was  purified  using  an  agarose  digest  kit  from  Qiagen  (Valencia,  CA). 
pET  23  B+  Ligation 

The  insert  (0.400  ng)  was  added  to  a PCR  tube  along  with  2 ng  of  pET  23  B+ 
DNA  that  had  been  predigested  with  Nde  I and  EcoRI.  Two  pL  of  T4  ligase  buffer  was 
added.  0.5  pL  of  T4  ligase  (Promega)  was  added.  Sterile  water  was  added  to  20  pL, 
followed  by  incubation  at  4°C  for  4 hours. 

Transformation  of  Cells 

Freshly  prepared  competent  cells  or  electrocompetent  cells  (400  mL)  were 
transformed  with  plasmid  prepared  as  described  above.  Luria-Bertani  ampicillin  (LB- 
amp)  medium  (Difco,  Detroit)  (10  mL)  was  inoculated  with  one  of  the  colonies  obtained 
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and  incubated  at  37°C,  overnight.  An  aliquot  (850  mL)  was  stored  as  a glycerol  culture. 
The  remainder  of  the  ONC  was  used  to  prepare  double  stranded  DIMA,  which  was 
resequenced  to  exclude  secondary  mutations  within  the  gene. 

"Large  Scale"  Expression  for  pET23 
For  the  expression  of  pET  23  B+,  5 2-L-Erlenmeyer  flasks  containing  800  mL 
Luria-Bertani*  (LB*)  (Difco,  Detroit)  medium  were  used.  Ampicillin  (400  pL),  MgS04  (1 
M,  800  pL)  and  CaCI2  (1  M,  40  pL)  were  added  to  each  flask.  The  medium  was 
inoculated  with  8 mL  of  the  ONC  and  incubated  at  30°C  or  37°C  for  4 hours  until  an 
optical  density  at  550  nm  of  1 .0  was  reached.  The  expression  was  initiated  by  addition 
of  0.4mM  isopropyl-(i-D-thiogalactopyranoside  (IPTG)  (Sigma).  After  four  hours  of 
incubation  the  cells  were  centrifuged  (G3,  5000  rpm,  5 min,  4°C)  and  the  pellet  stored  at 

-80°C  overnight 

Cell  Lysis  with  "French  Press" 

The  cells  were  resuspended  in  French  press  buffer  (four  times  the  pellet's 
weight)  containing  Tris-HCI  (50  mM,  pH  7.6),  NaCI  (100  mM),  EDTA  (1  mM,  pH  8), 
phenylmethylsulphyl  flouride  (PMSF)  (1  mM)  and  NaN3  (0.02%)  and  lysed  at  1000  psi  at 
room  temperature.  The  resulting  solution  was  centrifuged  (G3,  7000  rpm,  30  min,  4°C) 
and  the  supernatant  discarded.  The  pellet  was  weighed  and  either  immediately 
resuspended  or  stored  at  -80°C. 

Denaturation  of  "Inclusion  Bodies" 

The  pellet  obtained  previously  was  resuspended  in  a buffer  (ten  times  the  pellet's 
wet  weight)  consisting  of  urea  (10  M),  2-mercaptoethanol  (500  mM),  NH4OAc  (20  mM, 
pH  6.8),  PMSF  (1  mM),  sarcosine  (10  mM)  and  NaN3  (0.02%).  The  suspension  was 
stirred  and  vortexed  at  room  temperature  until  the  cell  debris  was  completely  dissolved, 
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followed  by  shaking  at  30°C  for  another  30  min.  After  centrifugation  (7000  rpm,  30  min., 
20°C)  the  pellet  was  discarded  and  the  supernatant  applied  to  an  equilibrated 
carboxymethyl  (CM)  cationic  exchange  column. 

CM  Column 

A CM  exchange  column  (15  cm,  3 cm)  was  prepared  with  CM  Bio-Gel  (15  mL) 
(Bio-Rad,  Hercules,  CA)  and  equilibrated  twice  with  NH4OAc  (20  mM,  pH  7,  50  mL). 

The  conductivity  of  the  buffer  was  measured  before  and  after  the  chromatography  and 
was  found  to  be  equal.  The  supernatant  was  applied  to  the  equilibrated  column  and 
washed  with  NH4OAc  (20  mM,  pH  7,  50  mL).  The  proteins  were  eluted  with  a solution 
(250  mL)  containing  NaCI  (0.5  M)  and  NH4OAc  (20  mM,  pH  7).  The  eluted  proteins  were 
refolded  overnight  in  a glutathione  buffer  (10  mM  GSH  / 1 mM  GSSG)  (Sigma)  that  had 
been  adjusted  to  pH  8.  All  eluates  were  checked  for  RNase  activity  by  UpA  assays.  A 
slight  activity  was  detected  in  the  flow-through  suggesting  that  the  RNase  did  not 
completely  bind  under  the  applied  conditions. 

Ultrafiltration  of  Protein  Solutions 

The  eluates  containing  active  RNase  obtained  from  the  CM  column  were 
concentrated  with  an  Amicon  concentrator  (3.1  bar)  equipped  with  a YM3  (MW  cutoff  = 
3500)  membrane.  The  buffer  was  changed  twice  to  sodium  acetate  (NaOAc)  (50  mM, 
pH  5,  0.02%  NaN3,  50  mL)  and  the  solution  concentrated  to  a final  volume  of  5 mL. 
pUp-Aqarose  Column 

One  batch  of  uridine  2',5’-and  ^'-diphosphate-agarose  (pUp)  (325  mg)  was 
soaked  in  NaOAc  (50  mM,  pH  5,  5 mL)  at  4°C  overnight.  The  suspension  (2.5mL)  was 
poured  into  an  Econo  column  (10  cm  x 1 cm)  (Fisher,  Springfield,  NJ)  and  equilibrated 
with  NaOAc  (50  mM,  pH  5, 10  mL).  The  concentrated  solution  obtained  containing  active 
RNase  A was  applied  to  the  column.  The  column  was  washed  with  NaOAc  (50mM,  pH 
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5,  50  mL)  and  the  protein  eluted  three  times  with  a NaOAc  buffer  (50  mM,  pH  5,  10  mL) 
containing  NaCI  (0.5  M,  1 M and  2.4  M,  respectively).  The  eluates  were  checked  for 
RNase  activity. 
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